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By R. J. HAvicHurst* 


ABSTRACT 


Determination of electron density by means of a Fourier analysis. The 
application of the correspondence principle by Epstein and Ehrenfest to 
Duane’s quantum theory of diffraction leads to the conclusion that the electron 
density, p(xyz), at any point in the unit cell of a crystal may be represented by 
a Fourier’s series the general term of which is 

A nyngng Sin (2 rmx /a, — Sn, )sin (2 wn2y /d2 — Sng)sin(2 wnsz/as — Sng) 

Axnngn, is proportional to the structure factor for x-ray reflection from the 
(mnen3) plane, where m, m2, and m; are the Miller indices multiplied by the 
order of reflection. Considerations of symmetry fix the values of the phase 
constants, and the assumption that the coefficients are all positive at the center 
of the heaviest atom in the unit cell fixes the algebraic signs. For crystals of the 
rock-salt or fluorite types the series becomes a simple cosine series in which 
the values of the structure factors previously determined by the author may 
be usedas coefficients. If the atoms are assumed to possess spherical symmetry, 
the number of electrons in a spherical shell of radius r and thickness dr is 
U dr=4-nrpdr and the total number of electrons in the atom is equal to 
the integral of Udr. A. H. Compton has obtained the same expression for 
the electron density in a crystal, as well as a series expression for U dr, on the 
basis of classical theory. 

Results of the Fourier analysis. Application of this method of analysis 
to the calculated F curve from a model sodium ion shows that the series con- 
verge rapidly when the F values are uncorrected for the effect of thermal 
agitation, and that reliable results may be obtained after extrapolation of the 
experimental F curves for light atoms to zero values of F. Curves are given 
which show the variation of electron density along the cube edges of the unit 
cells of NaCl, LiF, and NaF, and along the cube diagonal of CaF:. U curves 
for the different atoms, showing the variation of U with r, give the following 
information: (1) the points of the crystal lattice are occupied by ions (no 
a priori assumptions have been made concerning the amount of electricity 
associated with a lattice point); (2) the sum of the radii of any two ions in a 
crystal is approximately equal to the distance of closest approach as deter- 
mined by ordinary crystal analysis; (3) the electron distributions in the Na* 
of NaF and NaCl are markedly different, while the distributions in F~ from all 
three fluorides are practically identical; (4) there is evidence of the existence of 
electrons in shells which are in rough agreement with Stoner’s scheme of 
electron distribution. 


* National Research Fellow. 
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INTRODUCTION 


HE most direct means in our possession of determining the electron 
distribution in atoms lies in the use of experimental measurementson 
the scattering powers of these atoms for x-rays. From the F curves for 
crystals, which represent the variation of the scattering power with 
angle of scattering, individual F curves for the component atoms may 
be obtained, and the problem consists of finding the electron arrange- 
ments which will account for the experimental values of F. The experi- 
mental data used in this paper have been obtained by a powdered crystal 
method! which is free from error due to primary and secondary extinction. 
Before considering the method of Fourier analysis which the author 
has used, we may mention the method of trial, used by A. H. Compton? 
and by Bragg, James and Bosanquet,’ in which the F values for various 
assumed distributions are calculated and the distribution giving results 
which are in best agreement with the experimental data is taken as 
correct. This method as applied by Bragg, James and Bosanquet to the 
atoms of rock salt gives distributions which are in rough agreement with 
those obtained by the Fourier analysis. However, a direct method has 
obvious advantages over a method of trial. 


DETERMINATION OF ELECTRON DISTRIBUTION BY FOURIER ANALYSIS 


The first suggestion of the use of a Fourier’s series to express the 
distribution of diffracting power in a crystal seems to have been made 
by W. H. Bragg,‘ but the method was not put into practice until quite 
recently,»® after the application of the correspondence principle by 
Epstein and Ehrenfest’? to Duane’s* quantum theory of diffraction. 
Epstein and Ehrenfest showed that any diffraction grating may be 
considered to be made up of a large number of superposed “sinusoidal 
gratings,” and that the intensity of the diffracted beam in any order is 
proportional to the square of the coefficient of the corresponding term 
in the Fourier’s series representing the density of diffracting power. 


1 Havighurst, Phys. Rev. 28, 869 (1926). 

2? A. H. Compton, Phys. Rev. 9, 49 (1917). 

* W. L. Bragg, James and Bosanquet, Phil. Mag. 44, 433 (1922). 

‘ W. H. Bragg, Phil. Trans. Roy. Soc. A215, 253 (1915). 

5 Duane, Proc. Nat. Acad. Sci. 11, 489 (1925). 

* Havighurst, Proc. Nat. Acad. Sci. 11, 502, 507 (1925). The electron density curves 
given in these preliminary papers give only relative values of the density and in addition 
are subject to errors arising from two sources—first, the constant term of the series 
was neglected, and second, the experimental F curves were not extrapolated to zero. 

7 Epstein and Ehrenfest, Proc. Nat. Acad. Sci. 10, 133 (1924). 

8 Duane, Proc. Nat. Acad. Sci. 9, 159 (1923). 





ELECTRON DISTRIBUTION IN ATOMS OF CRYSTALS 3 


By the reverse process, we may deduce the density of diffracting power 
in a grating by substituting the square roots of the measured intensities 
of diffraction as coefficients in the Fourier’s series. In a book recently 
published,» A. H. Compton has given a thorough discussion of the 
application of Fourier analysis to the problem of electron distribution 
on the basis of the classical theory. He derives the equations given 
below and applies the analysis to the data of Bragg, James and Bosanquet 
on rock salt with results which will be compared with those of the author. 

Linear electron density. Consider a one-dimensional grating which 
contains Z electrons within a grating space a. The general term in the 
Fourier’s series representing the linear density is’ A, sin(2rnx/a—6,), 
where » is the order of diffraction and 6, is a phase constant. The linear 
density of diffracting power, P,, at a point x in the grating is represented 
by the series 


P,= > A,sin(2rnx/a—5,) (1) 


where A,=F,/a and F, is the structure factor for the diffraction of the 
nth order. Fy=Z, and the summation is taken over all values of n, 
positive and negative. 

Volume electron density. The three-dimensional analogue of the general 
term in the Fourier’s series given above is 


A njngn,Sin(24m1x/d1—5q,)sin(2en2y/a2—5,,)sin(2emyz/as—5n,). (2) 


for the series representing the volume density, p(xyz), of diffracting power 
at a point in the unit cell of a crystal. a,, a,, and a, are the lengths of 
sides of the unit cell. Unless we fix the values of the 6’s, we find that the 
series based on (2) does not give a unique distribution of diffracting 
power; that is, an indefinitely large number of distributions will produce 
beams of rays of precisely the same intensities in the same directions. 
In order to obtain a unique distribution of diffracting power it is necessary 
to make two assumptions. 

The first assumption is that the distribution of diffracting power con- 
forms to the symmetry of the crystal. This symmetry fixes the values 
of the 6’s. For example, if the crystal has three mutually perpendicular 
planes of symmetry and if we take the intersections of these planes as the 
axes of coordinates, the terms in the series can contain cosines only, for 
they must have the same values when we reverse the algebraic sign of 


* A. H. Compton, “X-Rays and Electrons,” Chap 5. Van Nostrand and Co., 1926. 
For the privilege of using the manuscript of this work, the author desires to express 
his thanks to Professor Compton. 
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either x, y or z. In this case, therefore, the 5’s must be odd multiples 
of 7/2. The symmetry conditions often determine, also, the values of 
certain coefficients A as being equal to one another. If the crystal 
possesses such complete symmetry as that of NaCl, all the A’s having 
the same values of 7,, m,, and m,, but interchanged in any manner, must 
be equal to each other. 

The second assumption has to do with the algebraic signs of the 
coefficients A, which, being square roots of measured quantities, are 
undetermined as to sign by the diffraction data. In general, the inter- 
sections of planes or axes of symmetry in a crystal must be points of 
maximum or minimum density, and if there is an atom at such a point, 
it is natural to suppose that p(xyz) is a maximum there. There may be 
other points in the unit cell at which p(xyz) has maximum values; it is 
probable that the greatest maximum value of the density corresponds 
to the center of the heaviest atom, and that the terms in the Fourier’s 
series are all positive at that point. We assume, therefore, that if we 
take the origin of coordinates at the center of the heaviest atom, all the 
coefficients in the Fourier’s series have positive values. For the crystals 
of high symmetry and simple structure which are considered in this 
paper, the effect of these assumptions upon the form of the Fourier’s 
series is easily worked out. The author has published elsewhere!® a 
treatment of a more complicated crystal structure by this method. 

A further assumption must be made before we can properly speak of 
electron distributions obtained from diffraction data. The density of 
diffracting power must be assumed to be proportional to the electron 
density. This means that all the electrons of an atom are equivalent in 
scattering power for x-rays, a statement to which objection may possibly 
be raised; for it is not certain that the inner and outer electrons of a 
heavy atom are equally effective as scatterers. 

We may now write down the Fourier’s series expressing the electron 
density p(xyz) at a point (xyz) in the unit cell of a cubic crystal of the 
rock-salt or fluorite type, with the origin of coordinates at the center of 
the heaviest atom: 

p(xyz)= >) Dd) DAnnyn,COS241x/acos2aney/acos2enyz/a (3) 

| ms % 
where ,n,.n, are the Miller indices of the different crystal planes multi- 
plied by the order of reflection; Anjnong=4Fnyngn,/a* and Fooo=Z =the 
number of electrons per molecule, there being four molecules in the unit 
cell. It should be noted that the experimental values of F used in this 


1® Havighurst, J. Am. Chem. Soc. 48, 2113 (1926). 
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paper contain the Debye temperature factor, so that in Eq. (3), which 
gives the.time average of the electron density in the unit cell, the ampli- 
tude of thermal agitation is superposed upon the actual distances of the 
electrons from their atomic centers. 

Radial distribution of electrons. From the determinations of electron 
density we may get information concerning the radial distribution of 
electrons in the separate atoms. The number of electrons in a spherical 
shell of radius 7, thickness dr, and density p is 


Udr=4rnr’pdr (4) 


The area under the curve of U plotted against r gives directly the number 
of electrons in the atom. It seems proper to assume spherical symmetry 
of the electron density, as is done by this procedure, but the question 
will be raised again later. 

Compton® has derived an expression for the radial distribution which 
does not require the evaluation of a three-dimensional series. The number 
of electrons in a spherical shell is represented by a series: 


Udr=4nr/D > (2nF,/D)sin(2nnr/D)dr (5) 


where D is the spacing of the set of atomic planes which are perpendicular 
to rand F, is the atomic structure factor for the order m (or for reflection 
by planes of spacing D/n). Upon the assumption of spherical symmetry, 
any convenient spacing D in the region covered by the atomic F curve 
may be used as the first order spacing; but the series becomes negative 
when 7/D is greater than 0.5, consequently the radius of the atom must 
be less than D/2 if the values of U in the neighborhood of D/2 are to be 
considered as dependable. The author’s U curves determined for the same 
atom by the two different methods of Eqs. (4) and (5) are in satisfactory 
agreement. 

It is important that we now have a method (the integration of U dr) 
of determining the number of electrons grouped about a point in a crystal 
lattice without having made any assumption concerning the existence 
of ions. Indeed, we have not even assumed the existence of atoms or 
molecules in the exact sense that is ordinarily understood by the use of 
these terms—we have simply supposed that there are certain maxima of 
diffracting power in the unit cell of a crystal. Now that we are in posses- 
sion of a method of counting the number of electrons associated with these 
maxima, we find ourselves able to decide what these lumps of diffracting 
power are—ions, neutral atoms, or molecules. 





———— 
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APPLICATION OF FOURIER ANALYSIS TO A MopEL ATOM 


Before an adequate idea of the limits of accuracy of the Fourier 
analysis can be obtained, it is necessary to know something about the 
convergence of the series used. The coefficients of the series come from 
experimental F curves which must be extrapolated to zero values of F. 
The questions to be answered are: (1) does the actual F curve of an atom 
fall to zero and remain there or does it maintain appreciable positive and 
negative values out to very small interplanar spacings? and (2) do the 
series of Eqs. (3) and (5) converge for these values? 

The best method of deciding these questions appears to be that of 
calculating the F curve for a model atom and subjecting it to the Fourier 
analysis. This procedure has been carried through for a model sodium 
ion under assumptions designed to make a satisfactory Fourier analysis 
more difficult than in the cases of the light atoms to be studied experi- 
mentally. The sodium ion is built up of ten electrons on three concentric 
spherical shells, as follows: 


2 electrons on a shell of radius 0.1A 
6 electrons on a shell of radius 0.3A 
2 electrons on a shell of radius 0.9A 


The F values for this ion may be readily calculated from the expression" 








f= Di(sint)/é 
where 
§=(4ersin®)/A=2arn/d 
TABLE I 
F values for sodium model ion. F=fe~.%"* 

n f BF n f F n f 
0 10. 10. 18 .51 .066 38 — .34 

1 9.53 9.48 20 1.17 .093 40 — .08 

2 8.42 8.22 22 1.24 .059 44 — .02 

4 5.90 5.33 24 0.98 .025 48 — .44 

6 4.45 3.55 26 .69 .010 52 — .47 

8 3.01 2.01 28 .01 .000 56 — .07 
10 1.14 0.61 30 — .53 60 .40 
12 0.20 .08 32 — .73 — .0011 70 .02 
14 .14 .04 34 — .83 80 .29 
16 .14 .028 36 — .82 — .00022 100 —.01 











and the summation is taken over each of the electrons. As a convenient 
first order spacing we shall choose 5.628A. The f values are given in 
Table I, along with F values which have been obtained by applying a 
temperature factor to f as follows: 


Hartree, Phil. Mag. 50, 289 (1925). 
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F = feg (sin?) (20?) — fe—-2 P/F = fe .0063n? 


This evaluation of the Debye factor is based upon W. H. Bragg’s figure 
for rock-salt, b/(2A?) =2.06, which will at least give the order of mag- 
nitude of the temperature effect. In Fig. 1 are shown the f and F values 
plotted against sin @ for \=0.1126A. This wave-length was chosen 
because it makes sin 6=0.01 for d/n=5.628 and allows the F values for 
100 orders of reflection to be plotted. The author’s measurements with 
\=0.710A would stop at a point equivalent to sin @=0.12 in the figure. 

Of the series in Eqs. (3) and (5), the sine series of (5) will converge 
the more slowly because the coefficient. F is multiplied by m. Let us 
consider the question of its convergence. It is evident that the series 

















10 I l ] T ] ] ] ] I 
Na model 
8 : “a 
© fe? 8 
ef 
. (6) a 
\ 
4+ \\ - 
\ 
2- a4 
a 
~ 
Ream = . . 
-2 l l l l L l 
00 = (Ol 0.2 0.3 0.4 0.5 0.6 O.T 0.8 0.9 1.0 
Sin 8 


Fig. 1. F curves for a model sodium ion. 


when evaluated with the f’s of Table I is probably not convergent, for 
in some instances f,>fo/n. The application of the temperature factor 
to f introduces a negative exponential n?, consequently the F values of 
the table undoubtedly satisfy the conditions for convergence. Looking 
at the question from another point of view, we.see that the series of 
Eq. (5), if used with the f values of Table I, would have to give a radial 
distribution showing infinite values of U at the r values of the three 
shells, and zero values of U at all other points. The effect of thermal 
agitation, however, is to spread out the shells into what is a more or less 
continuous distribution of electrons and the series representing U for 
this case should converge rather rapidly. 
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The series of Eq. (5) has been evaluated with the f and F values of 
Table I and D=2.814A. U is plotted against r in Fig. 2. In the heavy- 
line curve in the upper part of the figure, which was obtained by using 
the first twenty f terms, down to »=40 in the table, the three shells are 
beginning to emerge as predominant peaks. The broken-line curves, 
representing the series when cut off at the end of five and eleven terms, 
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Fig. 2. Radial electron distribution in model sodium ion. 


help to indicate the unsatisfactory nature of the analysis when used upon 
an‘atom which has its electrons arranged ona few stationary shells. 
When evaluated for 12 terms, down to »=24, with the F values of 
Table I, the series gives the lower curve of the figure. Its area is 9.6 
electrons. The effect of thermal agitation has smoothed over the shells 
distinctly. When the series is cut off at the end of the sixth term, which 
would be the limit of the author’s measurements, the curve coincides so 
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nearly with that of the figure that it was impossible to draw it in separ- 
ately. Now ellipticaland in terpenetrating orbits aid thermal agitation 
in producing a practically continuous electron distribution, hence it 
seems reasonable to extrapolate the experimental F curves rather quickly 
to zero values of F. The value of the retention of the temperature factor 


TABLE II 


F values used as coefficients in Fourier’s series expressing electron density 





myngns NaCl NaF LiF mngnz NaCl NaF LiF | mnmens NaCl NaF LiF 
111 4.55 1.27 .61 820 
820 \ 3.31 1.41 0.53 
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822 
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in the experimental F curves asa means of securing a rapidly convergent 
series and therefore of obtaining a more trustworthy Fourier analysis 
is clearly demonstrated. In an effort to determine the error due to the 
extrapolations which have been made for the purpose of this analysis, 
the author plans to continue the investigation of F curves out to smaller 
interplanar spacings by the use of radiation of shorter wave-length, and 
of apparatus which permits the measurement of reflections out to @=90°. 
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Fig. 3. Electron density in crystals. 


ELECTRON DISTRIBUTION IN CRYSTALS 


We may now calculate electron distributions from Eq. (3), and on the 
basis of the author’s F curves extrapolated to zero, with considerable 
confidence in the results. The F values to be used as coefficients, given in 
Table II, are, as a rule, identical with the measured values given in the 
previous paper, although in a few cases where measured points fell 
noticeably off a smooth curve, interpolated values are substituted. 
Interpolated values are given for the reflections which were not measured, 
while below the dotted lines the points were all taken from extrapolated 


curves. 
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The electron density, p(x00), along the cube edge of the unit cell of 

the crystals here considered is 
p(x00)=4/a* >) Dd) DoF aingn,COS24m 12/0 (6) 

% %S % 

The curves of p(x00) plotted against x/a are given in Fig. 3. Going out 
from the center of an atom, they all show the same rapid decrease of 
electron density at the start, followed usually by a rather sharp change 
of slope which produces a hump on the U curve. One feature of these 
curves cannot be observed clearly, because the scale of the figure is too 
small; for each curve there is only one very narrow region between the 
220 
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Fig. 4. Electron density in CaF3. 


atoms where the density becomes practically zero. In other words,"the 
atoms extend physically well out into the unit cell, almost touching each 
other, although the electron density over a large part of the region is very 
small. There is a sharp drop to zero density at the limit of the atom, 
which is much more evident in the U curves, where p is magnified by 
multiplication by r*. The electron distributions in other directions 
through the unit cell have been calculated from Eq. (3), giving curves 
similar to those of the figure. 

The p(x00) curve from CaF; has no peak at its middle, for there is 
merely a series of Ca atoms along the cube edges of the unit cell. In order 
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to get evidence of the existence of fluorine peaks, it is necessary to work 
out the curve for p(x=y=z), the density along the cube diagonal. Not 
only is the three dimensional series, required in this case, a much more 
laborious one to evaluate than the one-dimensional series of Eq. (5), but 
also the F curve for Ca falls rather slowly toward zero, so that the 
extrapolation would have to be made out to very high values of the n’s, 
still further increasing the labor of evaluating the series. Consequently 
an indirect method of determining p(x =y=z) was adopted. The F curve 
for Ca was extrapolated and the values for the higher orders of the (111) 
planes determined. U dr values were determined from Eq. (5) on the 
basis of the F(111) data, and, from the curve of U against r, p(x =y=z) 
was calculated for the desired values of r by Eq. (4). By a similar pro- 
cedure with the U curve of fluorine from CaF»2, the p(x =y=z2) values for 
fluorine were obtained. The two sets of data have been united in the 
curve of Fig. 4. There is, of course, no data to cover the middle of the 
curve, which is a region of zero density. Incidentally, the fact that the 
F curves for heavy atoms fall rather slowly to zero indicates that they 
are not very suitable for this Fourier analvsis. 


TABLE III 


Atomic F values for use in Fourier's series 


CaF > 
Plane Cat+ F-* Na 





NaCl NaF 
* + Na* F- 





Crm noraCcuw Crm: bo w un 


* Values taken from Fr curve with D(111) =2.67A. 
** D(111)=2.67A. 
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RADIAL ELECTRON DISTRIBUTION IN ATOMS 


We have seen that the radial distribution may be determined by the 
use of Eq. (4) or Eq. (5). In most cases the writer has used both methods, 
and the results have always been in satisfactory agreement. Table III 
contains atomic F values for use in Eq. (5), for the different orders of the 
(100) and (111) planes, the values being taken from smooth curves and 
those below the dotted lines being extrapolated. 

The U curves invariably show humps which seem to indicate the 
existence of definite electron shells. While the evidence for and against 
the actual existence of these humps will be considered later, it is interest- 
ing on the assumption of their reality to compare the electron arrange- 
ments which they give with Stoner’s® scheme for the distribution of 
electrons in atoms. 

Stoner’s arrangement for the argon atom (chlorine or calcium ion) 
is as follows: 

2 K electrons with” 1, 71, 
oi q : 
2L , 
4L , , 
2M ; 
2M : . 
4M . ; 


The neon atom (Nat or F~ ion) corresponds to the above arrangement 
without the M electrons. The inner quantum number, j, need not be 
considered here. 

Sodium and chlorine. The full-line curve in Fig. 5 represents U for Na 
in NaCl. The curve is almost identical with one obtained by Compton® 
by a similar analysis of the results of Bragg, James and Bosanquet.” 
The area under the curve is 10.4 electrons, indicating that we have here 
a positive Nat ion. The area of the hump B is approximately 2, while 
that of A is 8. Upon the basis of Stoner’s scheme, we should interpret 
these humps as follows: A contains the 2 K electrons and the 6 circular 
L electrons; B contains the 2 L electrons with elliptical orbits. 

There was some difficulty in obtaining a U curve from Eq. (5) for 
chlorine, as Cl occupies much more space than Na. The U(111) curve 
does not extend to the limit of the atom, as it is based upon too small a 
spacing. Compton solved this difficulty by extrapolating the F curve 
for Cl toward sin @=0, upon the assumption that Fy>=18, and using a 


2 Stoner, Phil. Mag. 48, 719 (1924). 
83 W. L. Bragg, James and Bosanquet, Phil. Mag. 42, 1 (1921). 
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larger spacing for D in the series. This requires the assumption, which 
we wish to avoid, of an ionized chlorine atom, consequently we must 
rely chiefly upon the U values obtained from p(x00) which are in agree- 
ment with the U(111) values as far as the latter may be used. The area 
under the curve of Fig. 6 is 17.85 electrons, indicating the existence of 
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Fig. 5. Radial electron distribution in Na*. 


the Cl- ion. The hump A contains 10 electrons, which are probably those 
belonging to the K and L levels, leaving us with 8 M electrons to account 
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Fig. 6. Radial electron distribution in Cl-. 


for. The areas of B and C are more nearly 5 and 3 than 6 and 2, although 
the latter values might be taken to indicate the presence of six 32 electrons 
in orbits of moderate eccentricity, and two 3, electrons in orbits of 
greater eccentricity. Hartree’s" calculations, however, indicate that the 
effective radii of the 32 and 3, electrons are practically the same. In this 
connection it should be stated that according to calculations by both 
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Hartree and Compton, an electron in an interpenetrating orbit spends 
much the larger part of its time in the outer portion of its orbit, so that 
its effective radius for the purpose of x-ray scattering and its maximum 
radius are very nearly the same. Compton’s curve for Cl, based upon 
the data of Bragg, James and Bosanquet which are very nearly identical 
with those of the author, but also based upon an F curve extrapolated 
toward sin @=0, shows an extra hump, while the radius of the atom is 
2.0A. This discrepancy throws some doubt upon the reality of these 
humps. 

Calcium. The U curve for Ca given in Fig. 7 is strikingly similar to 
that for Cl-, except that the electrons are contained within a radius less 
than two thirds that of the chlorine ion. Almost a positive proof of the 
existence of the Cat+ ion in the lattice is to be seen in the fact that the 
area under the curve is exactly 18 electrons, for the neutral atom would 


T in q 
\ 


\ 


‘ ’ 
A Nui / 


3 





s 8s 8 


S 


é 
: 
: 
3 


» \ 


i l i l \ ! i ml i ——. 
O01 O02 03 O4 O05 06 OAT O08 OF 10 Ll 12 
r (angstroms from center of atom) 














Fig. 7. Radial electron distribution in Ca**. 


contain 20 electrons. The area of hump A is 10 electrons, while B and C 
contain 6 and 2 electrons respectively. 

Sodium in sodium fluoride. The broken-line curve of Fig. 5 is the UV 
curve of Na from NaF. A very interesting difference exists between the 
sodium ion in the two compounds, an apparent compression of the whole 
ion having taken place in NaF. As the area under the curve is only 
9.2 electrons, the analysis is not particularly satisfactory in this instance, 
but the addition of sufficient area to bring the electron content to 10 
would not make the two distributions alike. One is brought to the con- 
clusion that the forces acting upon the ion in the two crystals are of 
rather different magnitudes. 

Lithium. The U curve for lithium, given in Fig. 8, is the least satis- 
factory of the group, because we meet the same absolute amount of error, 
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due to deficiencies of the experimental data and of theanalysis, in electron 
densities which are very small, so that the percentage errors are large. 





oe 


T T 


* A4nr® p(X00) _| 
° U(I11) 


b 


~ 





U (electrons per angstrom) — 
° 








o 1 1 l 1 ] l l 
aT Ol O02 03 O04 O05 Q6 OT 08 
¢ (angstroms from center of atom) 





Fig. 8. Radial electron distribution in Li*. 


There is a noticeable difference between the U curves obtained in 
different ways, and these curves can be changed considerably by different 
methods of smoothing out the experimental F curve for Li. The difference 
between the results obtained from Eq. (5) and those from Eq. (4) is 
undoubtedly due to the fact that the experimental F values were used 
without change in the determination of p(x00), while the F curve of Li, 
upon which is based the U(i11) curve, being determined by subtraction 
of rather large and nearly equal (F+Li) and (F—Li) values, showed 
considerable irregularity and was smoothed out. However, the area 
under the full-line curve is 2.0 electrons, and there is no reason to believe 
that we are dealing with anything but the Li* ion with two K electrons. 

Fluorine. As has been pointed out, the F curves for fluorine from all 
three fluorides are very closely similar, hence it was not considered 
necessary to reproduce separate U curves for each crystal. The values 
used in obtaining Fig. 9 were taken from the mean F curve of fluorine, 
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Fig. 9. Radial electron distribution in F~. 


given in the previous paper, D for the first order being 2.67A. U curves 
from the individual F curves have also been worked out, and they show 
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only unimportant differences at large values of r. Corresponding to the 
F- ion, the area under the curve is 9.95 electrons. The striking thing 
about this curve is the existence of the A’ hump. We should, of course, 
assign B to the two L electrons in elliptical orbits, as in the case of Nat, 
but there is nothing in the sodium curve to correspond with A’. Whether 
in the spreading out of the electron atmosphere which takes place during 
the formation of a negative ion the inner electron groups separate some- 
what, or whether the A’ hump is merely due to a deficiency of , the 
analysis, is uncertain. 
DISCUSSION OF RESULTS 


The results of the foregoing analysis may be grouped into two classes: 
those which allow an unambiguous interpretation, and those which do 
not. Let us consider the first class. 

(1) It appears to be definitely proven that the lattice points of the 
crystals are occupied by ions. Commencing with no a priori assumption 
as to the amount of electricity associated with a lattice point, we have 
found in each case that the number of electrons was almost exactly the 
same as the number in the ion which might be expected to reside at that 
point. 

(2) The Fourier analysis determines definitely the radius of the ion. 
The volume density curves fall quite accurately to zero over a small 
region between the ions, while the U curves determine sharply the radii. 
Comparison of the distance of closest approach of ions as determined by 
ordinary x-ray analysis with the sum of the radii of the ions determined 
in this analysis shows that the sum of the radii is in every case very 
slightly less than the distance of closest approach. We accordingly are 
led to form the usual picture of the unit cell of a crystal: one which 
contains a number of spherical electron systems practically in contact 
with each other and distributed regularly over the lattice points, each 
system having a dense electron atmosphere near its center which becomes 
extremely rarefied at its outer limit. Whether the valence electrons 
remain between ions all the time, rotate about pairs of ions, or pass 
completely over to the negative ions, is not decided; all we may be 
certain of is that the diffracting power of a valence electron unites with 
that of a negative ion. 

The ionic radii of Wasastjerna, discussed in a recent paper on inter- 
atomic distances by W. L. Bragg, and which are based upon a theoretical 
consideration of atomic force-fields, correspond exceedingly closely with 
the radii determined in this analysis. 


4 Wasastjerna, Soc. Scient. Fenn. Comm. Phys. Math. 38, 1 (1923). 
% W. L. Bragg, Phil. Mag. 2, 258 (1926) 
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(3) The electron distribution of an atom may be modified by the 
external forces which act upon it in a crystal. The Na* ion is found to 
possess different electron distributions in NaF and NaCl, probably 
because of a combination of differences in chemical, crystal lattice and 
thermal forces. On the other hand, the electron distributions of F- are 
practically the same in LiF, NaF and CaFs. 

Turning now to results which are somewhat ambiguous, we are met 
at once with the question of the reality of the humps in the curves of 
radial distribution. There is reason to believe that a shell-like electron 
structure exists in atoms, and the results of this analysis are in rough 
agreement with the predictions of Stoner’s scheme. The persistence of 
the humps in both Ca** and CI-, although one ion has only two-thirds 
as large a radius as the other, is evidence of their reality. On the other 
hand, we have the discrepancy between Compton’s U curve for Cl~ and 
that of the author, the two curves being obtained from practically the 
same data by slightly different methods of analysis. Also there is a 
subsidiary hump in the U curve for F~ which is not readily explained. 
Perhaps the best method of investigating this question of shell structure 
would be to study a model argon atom in the manner of the investigation 
carried out above for the sodium ion. 

Although we have assumed spherical symmetry of the electron dis- 
tributions for the purposes of a part of this analysis, such an assumption 
cannot be completely justified. Probably the atoms in crystals of low 
symmetry are not spherically symmetrical, but the nearest approach to 
this condition would be expected in a cubic crystal of high symmetry. 
It is impossible to decide from existing experimental data upon intensity 
of reflection that spherical symmetry does not exist, the irregularities of 
the F curves being in general so small that they could be ascribed to 
experimental error. Any lack of symmetry would be expected to show 
on the U curves at large values of r, and there are differences between 
these curves when they are evaluated for reflections in different 
directions through the crystal, but these differences also may be at- 
tributed to deficiencies in the analysis. 

A further point which has been raised in connection with the use of 
experimental F curves for the determination of electron distributions 
has to do with the effect of the Compton scattering. Since the amount 
of radiation scattered with a change of wave-length increases with the 
angle of scattering, it might be supposed that this increase takes place 
at the expense of the energy scattered with unmodified wave-length. 
That is, the F curve might drop off at large angles for two reasons—first, 
because of the spatial distribution of electrons in the atoms, and second, 
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because an increasing fraction of the secondary radiation is being 
scattered with a change of wave-length and hence is not subject to 
interference. This idea seems not unreasonable, yet, on the other hand, 
there is reason for the belief that the two scattering processes take place 
side by side without influencing each other. It seems that the foregoing 
analysis, which gives electron distributions containing the proper number 
of electrons and of the dimensions to be expected from the results of 
ordinary crystal analysis, is a strong argument for the reliability of the 
experimental F curves and speaks definitely in favor of the idea that the 
Compton scattering is a separate and distinct process from the ordinary 
scattering. 

In conclusion, the author wishes to express his appreciation of the aid 
and advice of Professor William Duane, who suggested this problem. 

JEFFERSON PuysIcAL LABORATORY, 


HARVARD UNIVERSITY, 
July 20, 1926. 
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MEASUREMENTS AND INTERPRETATION OF THE 
INTENSITY OF X-RAYS REFLECTED FROM 
SODIUM CHLORIDE AND ALUMINUM 


By J. A. BEARDEN 


ABSTRACT 


Measurements of the intensity of x-rays reflected from sodium chloride 
have been made by three methods: (1) Reflection from a single crystal, (2) Re- 
flection from a plate of powdered crystals, (3) Reflection from a powdered plate 
using the transmission method. The results from single and powdered crystal 
measurements are not in agreement, showing that there is possibly an un- 
corrected extinction effect in the single crystal measurements. The results from 
both powdered crystal methods are in very close agreement. 

Using the Fourier series formula for the electron distribution derived by 
Compton, electron distribution curves for sodium and chlorine have been ob- 
tained. The difference in the electron distribution curves for powdered and 
single crystals indicates that the absolute intensity measurements must be 
made accurate to within 1 percent before confidence can be placed in the results. 
It is also shown that the portion of the experimental curves extrapolated to 
large angles of reflection is very important. 

Similar measurements and curves have been obtained for aluminum. The 
distribution curve and also the F curve are more satisfactory than those ob- 
tained for sodium and chlorine, showing that the experimental values for 
aluminum are probably more accurate than the rock salt measurements. 


ARIOUS writers'~® have obtained theoretical expressions for the 

intensity of x-ray reflection, and although by independent methods, 
most of the formulas are in agreement with each other. The following 
formulas which have been derived by Compton’ for the three most 
important cases of crystals, are directly applicable to experimental 
results: 


(1) Reflection from single crystals: 


Ww 1 e* 1+ cos?20 ) 
ancaritip ann (ae l we ge. 
m mct — sin2a_f Qu 





1 P. Debye, Ann. d. Physik, 43, 49 (1914). 

2 C. G. Darwin, Phil. Mag. 27, 315 and 675 (1914). 

°C. G. Darwin, Phil. Mag. 43, 800 (1922). 

‘W. H. Bragg, Phil. Trans. 215, 253 (1915). 

5 A. H. Compton, Phys. Rev. 9, 29 (1917). 

* W. L. Bragg, James and Bosanquet, Phil. Mag. 41, 309 (1921). 
7H. A. Wilson, Phys. Rev. 18, 396 (1921). 

8 P. P. Ewald, Phys. Zeits. 22, 29 (1925). 

® W. Duane, Proc. Nat. Acad. Sci. 11, 489 (1925). 

10 A. H. Compton, X-Rays and Electrons. 


20 





X-RAY REFLECTIONS FROM NaCl AND Al 21 


W represents the total amount of energy reflected by the crystal as it is 
turned past the angle @ with a uniform angular velocity w, P the power 
in the primary x-ray beam, yu the effective absorption coefficient of the 
crystal, 2 the number of atoms per unit volume of the crystal, \ the wave- 
length of the x-rays used, e the charge on the electron, m the mass of the 
electron, c the velocity of light, (1+cos?2@) the polarization factor, and 
F is termed the structure factor and is defined by the equation 


. 4az 
F=Z] p ()cos( sin 0) (2) 
where a is the maximum possible distance of an electron from its atomic 
layer, Z is the number of electrons in the atom and p(z) represents the 
probability that an electron will be at a distance between z and z+dz 
from the mid-plane of the layer of atoms to which it belongs. 

(2) Reflection from a plate of powdered crystals: 


' ee 3 
P Crem ur p sin@ (3) 


(3) Reflection from a powdered plate using the transmission method: 


P, pl hp’ 1 

P 7s r p sin20 (4) 
In these equations, P, represents the power in the beam reflected by the 
powdered crystals at an angle 0, P the power in the incident x-ray beam, 
Q is defined by Eq. (1), p is the number of surfaces in a crystal of the type 
considered, / is the length of the slit in the ionization chamber, h is the 
thickness of the crystal mass, 7 is the distance of the ionization chamber 
slit from the crystal mass, p’ is the density of the crystal mass, p is the 
density of the individual crystals, and yw is the effective absorption 
coefficient of the crystal mass. Thus F is the only quantity occurring in 
Eqs. (1), (3) and (4) which cannot be directly measured. Its value may 
be calculated, however, when the other factors in these equations have 
been determined. 

From the value of F as calculated from the above formulas it is possible 
to gain some knowledge of the distribution of the electrons in the atoms 
composing the crystal. The method of Fourier series is doubtless the 
best method that has been developed for obtaining a knowledge of the . 
electronic distribution. The method was first suggested by W. H. Bragg‘ 
but in a manner which did not give satisfactory results. Duane® has 
applied Epstein and Ehrenfest’s' quantum treatment of the problem 


Epstein and Ehrenfest, Proc. Nat. Acad. Sci. 10, 133 (1924). 
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of Fraunhofer diffraction to the determination of the electronic distribu- 
tion and has obtained results which are in a very usable form. His equa- 
tion for the electron distribution is in the form of a 3 dimensional Fourier 
series. It has been applied by Havighurst” to the electron distribution 
of several crystals with interesting results. Compton’? working on the 
basis of classical electrodynamics has arrived at the same expression as 
that found by Duane’ for the electron density at any point in the crystal. 
Assuming the atoms in the crystal to have spherical symmetry, Comp- 
ton!® has derived the following single Fourier series equation for the radial 
electron distribution in the atom. 


oO 


8rr 2xmr 


U -~ Links sin = (5) 


In this equation U represents the number of electrons per Angstrom 
measured from the center of the atom, r the distance from the center of 
the atom in Angstroms, D the arbitrary grating space in Angstroms, F, 
the value of the structure factor for the mth order of reflection and n the 
order of reflection. 

The total number of electrons in the atom may be found by integrating 
Eq. (5). If D is taken large enough so that there will be no overlapping 
of the atoms, we may integrate the equation between the limits r=0 
and r=D/2. Integrating we find 


=—2)>)(-1)"F, (6) 


where Z represents the total number of electrons in the atom, m and F, 
have the same meaning as in Eq. (5). Since Z is known this equation 
becomes very useful in making extrapolations in the experimental F, 
curves to small angle of reflection. 

The object of the present work was: (1) To compare the values of F 
as determined from the three methods indicated in Eqs. (1), (3) and (4) 
as a possible check on the validity of the equations. (2) To compare 
the electron distribution curves using these values of F in Eq. (5). 
(3) To determine the distribution of electrons in aluminum by the same 
method. 

APPARATUS 


In making absolute measurements of intensity the ionization method 
was employed. These measurements necessitate using x-rays of a single 
wave-length. The best method of securing really monochromatic x-rays 
is to use a beam which has been reflected from a crystal. In the work of 


2 R. J. Havighurst, Proc. Nat. Acad. Sci. 11, 502 and 507 (1925). 
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Bragg and his collaborators this method was used only for the first order 
reflection, whereas in this experiment the method has been used for all 
orders of reflection. In this way the error introduced in choosing a base 
line for measuring relative intensities is greatly reduced. The disposition 
of the apparatus was similar to that first employed by Compton." 
Fig. 1 shows the arrangement of the apparatus used throughout the 
present experiment. X-rays from a molybdenum-target water-cooled 
x-ray tube were incident upon the crystal C; which was set to reflect the 
































Reflection Method, Reflection Method, § Transmission Method, 
Solid Crystals Powdered Crystals Powdered Crystals 
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Fig. 1. Apparatus and method of mounting crystals. 


Ka lines of molybdenum. These lines were further collimated by slits 
Si; and S:, so that the width of the beam passing across the spectrometer 
table C; was less than 0.8 mm. The x-ray spectrometer was designed 
by Compton for this particular type of work. The ionization chamber 
was about 12 cm in diameter so that it was almost impossible for 8-rays 
produced by the x-rays to be absorbed by the walls or electrode of the 


8 W. L. Bragg, James and Bosanquet, Phil. Mag. 41, 309 (1921) and 42, 1 (1921). 
4 A. H. Compton, Phys. Rev. 10, 95 (1917). 
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ionization chamber. This is an important point in all measurements of 
absolute intensities as it was found that by using ionization chambers 
less than 5 cm in diameter, errors of more than 50 percent could easily 
be made unless the slits were extremely small and the ionization chamber 
accurately set parallel to the x-ray beam being measured. The ionization 
chamber was filled with methyl bromide and the ionization current 
measured by a Compton electrometer the sensitivity of which was about 
5 meters per volt. The slit S; was in all cases wide enough to include 
the entire beam reflected by the crystal C2. 

In order to secure enough intensity to make accurate measurements on 
the higher orders of reflection it was necessary to operate the x-ray tube 
at 45 to 50 milliamperes using a potential of 70 kilovolts. For the first 














a 





Fig. 2. Diagram of electrical connections. 


order reflections it was possible to reduce the current to 30 milliamperes 


and the voltage to 35 kilovolts thereby eliminating any second order 
x-rays that might be reflected by the crystal C;. In order that the relative 
intensities and also the absolute measurements could be made with 


accuracy it was necessary to have a source of x-rays that would be 
constant over a long period of time. Several of the ordinary methods of 
obtaining constant current through the tube at constant voltage were 
tried but it was found that an arrangement suggested by W. D. Coolidge 
gave the best results. As a constant source of x-rays is essential to many 
x-ray problems a diagram of the connections is shown in Fig. 2. Using 
this arrangement it was possible to keep the source of x-rays constant to 
within 1 percent over a period of several hours. The rectifiers in this 
circuit were two 85 kv. 8.5 kw. kenotrons. 

The time during which the x-rays were allowed to pass through the 
ionization chamber was controlled by an electromagnet which operated 





X-RAY REFLECTIONS FROM NaCl AND Al 25 


a lead slit in the path of the x-ray beam C,C:. The electromagnet was 
operated by a Victor x-ray timing switch. By this method it was found 
that any period of time up to 30 seconds could be reproduced to within 
0.01 of a second. The method of taking readings was to allow the x-rays 
to pass through the ionization chamber for a definite length of time 
producing a certain deflection of the electrometer which could be read 
very accurately. 


EXPERIMENTS ON ROCK SALT 


Single crystal. Probably the most complete and accurate previous 
work that has been done on the intensity of x-ray reflection is that of 
Bragg, James and Bosanquet"™ using the single crystal method. It was 
thought advisable to repeat their experiments for two reasons. (1) Their 
results are considered to be reasonably accurate and therefore would 
serve as a possible check on the writer’s apparatus, suitable for deter- 
mining the possibility of systematic errors which might not have been 
detected otherwise. (2) The measurements could be extended to the 
higher orders of reflection using the monochromatic x-rays instead of 
the direct radiation from the tube as was used by Bragg and his col- 
laborators,“ thence obtaining a higher degree of precision than was 
probably attained in their experiments. 

The apparatus used was exactly as that shown in Fig. 1, Part a, with 
the single crystal mounted as shown in Part b of the same figure. The 
ionization chamber with the slit S; 0.5 cm wide was set at an angle 2 0 
so as to receive the entire line reflected by the crystal as the crystal was 
rotated through its angle of reflection for the particular order being 
measured. The power of the reflected beam was measured at intervals 
of 5 minutes of arc in the usual manner of obtaining ionization spectra. 
The time required to map out such a reflection was only a few minutes and 
in every case in which the results have been retained the intensity of the 
source was the same after the curve was taken as before. The crystal 
was then removed from the spectrometer table and the power in the 
incident beam C,C,. was measured. The ratio of the area under the 
reflection curve to the power in the direct beam gave the absolute reflect- 
ing power of the crystal. Instead of making absolute measurements on 
all the orders of reflection as above, it was found better to make the 
absolute measurements only on the first few orders of reflection and then 
to compare the higher orders of reflection with the first. Measurements 
were made in this manner on all of the more important planes of rock salt. 

The other experimental value that is needed in Eq. (1) in order to 
determine F is the effective absorption coefficient u. In the experiments 
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of Bragg, James and Bosanquet™ corrections were made for secondary 
extinction. Since the difference in wave-length of the rhodium x-rays 
used by Bragg and his collaborators'* and the molybdenum Ka rays 
used by the writer is small, the extinction coefficient has been assumed 
to be proportional to the absorption coefficient in the two experiments. 
That is, in order to obtain the effective absorption for the present ex- 
periment, we have taken the normal absorption coefficient for the 
molybdenum Ka line and added to this the relative percent correction for 
secondary extinction as determined in the experiment of Bragg, James 
and Bosanquet." Using this value of the absorption coefficient with the 
measured absolute reflecting power we can calculate the numerical value 
of the structure factor F. In order to compare the experimental results 
of this experiment with those of Bragg, James and Bosanquet" it is 
necessary to compare the values of F as they are independent of the 
experimental conditions and depend only on the order of reflection. The 
values of F calculated from the writer’s experiment are shown plotted 
against the sine of the reflecting angle @ in Fig. 3, curves D and G. The 
points thus plotted fall on the curve drawn within two or three percent 
representing the values of Fq,+Fy, and Fo—Fy,. Using the experi- 
mental values given by Bragg, James and Bosanquet™ and calculating in 
a similar manner the values of F one obtains values most of which are 
slightly higher than those shown by the broken line D. If one takes the 
values of F from their F curves it is found that they do not agree ac- 
curately with the values which I calculate from their experimental 
results. The difference is in many cases as much as 5 percent and in 
general the values taken from the curves are lower than the values cal- 
culated from the experimental data. The difference is probably due to 
some correction that has been applied in one case and not in the other. 
The values obtained by the writer seem to be in better agreement with 
the values calculated from their experimental results than with their F 
curves. 

Reflection from a plate of powdered rock salt crystals. In this method a 
plate of powdered crystals as shown in Part c of Fig. 1 replaced the single 
crystal used in the last method. The crystal plate was prepared by 
pressing the finely powdered crystals into a plate about 4 mm thick, then 
in order to eliminate the orientation produced at the surface by the 
compressing block, about 1 mm of the surface was shaved off. This 
surface was placed at an angle @ with the primary beam and the ionization 
chamber at an angle 2 6. The width of the slit S; in the ionization cham- 
ber was so adjusted as to include the entire beam reflected by the crystal 
mass. It was only necessary to make one measurement on a reflection, 
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then remove the crystal plate and measure the power in the direct beam. 
As in the last case, it was found better to measure this ratio directly 
only for the first few orders of reflection and then compare the other 
orders of reflection with the first. 

The values obtained by this method are, within experimental error, 
in exact accord with the results obtained by the transmission method 
and so will not be given separately. 

Reflection from a powdered plate using the transmission method. In the 
transmission method, shown in Part d of Fig. 1, a plate of the powdered 
crystals is placed on the center of the spectrometer table and the x-rays 
allowed to pass through the crystal plate instead of being reflected as was 
done in the kast case. The thickness of the crystal plate was made equal 
to the reciprocal of the absorption coefficient, which is the correct thick- 
ness to give the maximum intensity in the reflected lines. The normal 
to the surface of the plate was set at an angle @ with the primary beam and 
the ionization chamber at an angle 2 @. As in the last method the ioniza- 
tion chamber slit S; was adjusted so as to include the entire line reflected 
by crystal mass. Instead of removing the plate to measure the power in 
the direct beam as was done in the other two methods, the crystal plate 
was left on the spectrometer table with the normal to the surface making 
zero angle with the incident beam. The power in the beam transmitted 
through the plate was then measured with the ionization chamber set at 
zero angle. The advantage of measuring the power in the incident beam 
in this manner is that the absorption coefficient does not enter into the 
theoretical formula for the intensity of reflection. Theoretically primary 
extinction would also be negligible if the crystals were as small as 10-* cm, 
but experimentally" it is found in the case of rock salt that primary 
extinction is of little importance even for crystals as large as 10-* cm. 
This means that a crystal of rock salt is by no means a perfect crystal. 
Since the extinction is thus negligible the results obtained with the 
powdered crystals should be more precise than the results from single 
crystal measurements. 


The absolute intensity measurements obtained by the transmission 
method were substituted in Eq. (4) from which the values of the structure 
factor F were calculated for the various planes and orders of reflection. 
These values are plotted against the sine of the reflecting angle @ in 
Fig. 3, curves C and G. The curve G represents both powdered and 
single crystal F.,— Fy, as the values were so nearly the same that they 
could not be distinguished. It will be noticed that the curves representing 


% R. J. Havighurst, Proc. Nat. Acad. Sci. 12, 375 (1926). 








28 J. A. BEARDEN 


Fo+ Fy, for the single and powdered crystals do not agree except for 
the (100) plane and in the higher orders of reflection. It is believed that 
this difference is too great to be an experimental error. The difference 
is more likely due to the fact that sufficient correction has not been made 
for secondary extinction in the single crystal measurements. It was for 
the first order of the (100) plane that Bragg, James and Bosanquet™ 
made their most careful correction of secondary extinction, and for this 
point the two methods agree fairly well. Also it has been shown that 
extinction is inappreciable for the higher orders of reflection and here 
again we find the two methods in agreement. It seems justifiable to 
conclude that for the single crystals sufficient correction has not been 
made for secondary extinction in the orders of reflection which do not 
agree with the values obtained by the powdered method. 
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Fig. 3. Curves D and G represent the Foj+FNa and Fo\— FNa values respectively 
for single crystals. Curves C and G represent the corresponding values for powdered 
crystals. E and F represent the Fo; and Fyg values respectively, A and B are the cor- 
responding nF, curves. 
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From Fig. 3 it will be seen that experimental determinations of F 
have only been made up to an angle whose sine is 0.6. The reason for 
this is that the intensity of the reflected rays for higher orders of reflection 
is less than one three-millionths of the intensity in the incident beam, 
and measurements of such intensity are extremely difficult to make. Any 
extrapolation beyond the last experimental point is doubtful as will be 
shown in the discussion of the electron distribution curves. Probably 
the best extrapolation is to extend the curve smoothly to the axis, but 
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this is only a guess as it is quite possible for the curve to cross the axis, 
that is, for the values of F to become negative. 

The curves E and D represent the Fg and the Fy, values which are 
derived directly from the Fo,— Fy, and the F.,;+ Fy, curves for powdered 
crystals. If the values of F are taken from these two curves and multiplied 
by the corresponding order of reflection we obtain the curves A and B 
which represent the powdered crystal nF, values which are used in 
Eq. (5) to obtain the electron distribution curves. The order here refers 
to the arbitrary grating space D used in Eq. (5). The broken part of the 
curves correspond to the extrapolated portions of the curves. 


ELECTRON DISTRIBUTIONS CURVES FOR SODIUM AND CHLORINE 
Compton’® has calculated the electron distributions for sodium and 
chlorine from Eq. (5) using the single crystal measurements of Bragg, 
James and Bosanquet.'* Since the absolute values obtained by the 
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Fig. 4. Sodium electron distribution curve. 


writer are in agreement with these measurements, separate distribution 
curves for the single crystal measurements will not be given. 

Sodium. Substituting the sodium mF, values from curve B, Fig. 3, 
in the electron distribution Eq. (5) one obtains the electron density as 
a function of the distance from the center of the atom. Plotting the 
density against the distance from the center of the atom we obtain the 
curve in Fig. 4. The value of the arbitrary grating space D used in con- 
structing this curve was 7.1A, a large grating space being used in order 
to study the distribution of the electrons in the individual atomic layers. 
This curve shows only one large peak which is at 0.4A and a number of 
small erratic oscillations which, as has been pointed out by Compton,!® 
are probably due to experimental errors. Integrating the peak A we 
find that it represents a little less than 10 electrons. The resolving power 
of the present method is not great enough to separate the K and L 
electrons into separate peaks but gives only the average position of all 
the electrons in the atom. 
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Comparing the electron distribution curve for sodium obtained from 
the powdered crystal values with the curve obtained by Compton” using 
the single crystal measurements we find that they do not agree as closely 
as one might wish. The second peak at 0.9A containing 2 electrons as 
found by Compton’* does not occur at all in the curve obtained by the 
writer from powdered crystal measurements. This indicates that a high 
degree of precision must be attained in the experimental determinations 
before confidence can be placed in the distribution curves. It must be 
remembered, however, that the sodium experimental values are de- 
pendent upon the difference in the atomic reflecting power of chlorine 
and sodium. Hence the intensity reflected is very weak and the probable 
experimental errors are greatly increased. About the only safe conclusions 
to be reached in the case of sodium are—(1) Most of the electrons are 
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Fig. 5. Chlorine electron distribution curve. 


concentrated at a distance between 0.4A and 0.5A from the center of 
the atom. (2) The radius of the sodium atom is probably less than 1.2A. 

Chlorine. For chlorine we will not only make a comparison of the 
distribution curves for single and powdered crystals, but also the effect 
of different extrapolations beyond the last experimental point of the F 
curves on the electron distribution curves. Substituting the ”F, values 
from curve A, Fig. 3, in Eq. (5) as above, one obtains the electron 
distribution curves shown in Fig. 5. The solid line represents the elec- 
tronic distribution if one uses the extrapolation A, from the nF, curve A 
in Fig. 3, and the dotted line the extrapolation A: of the same 7F, curve. 
These curves are very different from the sodium curve in that there are 
several important peaks and the density of electrons is much greater near 
the center of the atom. The difference in the two chlorine curves for the 
different extrapolations shows clearly the importance of the extrapolated 
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part of the experimental curves in Fig. 3. The general form and position 
of the peaks are quite similar to the curves obtained by Compton"? from 
the single crystal measurements but the sizes of the peaks are different. 
The peaks in these curves are much better resolved than those obtained 
from the single crystal measurements. If we integrate the area under 
the separate peaks we find that the peak A represents 12 electrons, 
B 3 electrons, C 1.6 electrons and the remaining peaks 1.4 electrons. 
The fact that we get fractional parts of an electron in the peaks beyond 
1.4 probably means that the experimental values are not accurate 
enough to give exact distributions in the exterior part of the atom. In 
the corresponding curves for single crystals measurements Compton!® 
obtained 10 electrons in peak A, 4in B, 2in Cand 2inD. The difference 
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Fig. 6. F curve for aluminum. 








in the magnitude of the distribution for the different peaks indicates as 
in sodium that a high degree of precision must be obtained before con- 
siderable confidence can be placed in the results. To the writer it seems 
that the absolute intensity measurements must be made precise to less 
than 1 percent in order to obtain reliable distribution curves in a crystal 
such as rock salt. This estimate, of course, refers to the actual value of 
the different peaks and not to the general form of the curve or to the 
approximate distribution of the electrons. It seems safe to conclude that 
the distribution of electrons in chlorine is different from that in sodium 
and that the radius of the chlorine atom is greater than that of the 
sodium atom. Any definite conclusions concerning the detailed structure 
of chlorine or sodium seems unwarranted. 
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INTENSITY MEASUREMENTS AND THE ELECTRON DISTRIBUTION 
oFr ALUMINUM 


Experiments were made on aluminum in exactly the same manner as 
described in the transmission method for rock salt. The F, curve for 
aluminum is shown in Fig. 6. The extrapolation made for the higher 
orders of reflection was merely a smooth continuation of the experimental 
curve. The extrapolation for small angles of reflection was made as 
before using Eq. (6). For aluminum it was necessary to use two points 
from this extrapolated portion of the curve because there are no re- 
flections from aluminum crystals at angles smaller than sin @=.15. 
Substituting in the Fourier series Eq. (5), the electron distribution curve 
shown in Fig. 7 was obtained. The area under the curve out to 1.75A 
represents very accurately 13 electrons, and the area from 1.75A out to 
the center of the atomic plane D/2 is very nearly zero. Resolving the 
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Fig. 7. Aluminum electron distribution curve. 














curve as before and measuring the areas under the peaks it is found that 
peak A represents 8 electrons, B 3 electrons, C 1 electron and D 1 electron. 
In each case the values are accurate whole numbers as near as planimeter 
measurements could be made. As remarked in the case of sodium and 
chlorine the oscillations beyond 1.75A are probably due to experimental 
errors. Their size is proportional to r and hence cannot account for.any 
appreciable part of the four peaks A, B, C and D. 

Thus from aluminum we get results which appear to be more precise 
than those obtained from rock salt. The values of F, fall on a very 
smooth curve indicating a higher degree of precision than was obtained 
in the case of rock salt. The resolution of the electron distribution curve 
into four components such that each contained a whole number of 
electrons is somewhat arbitrary, but the resolution in each case seems 
to be a reasonable one. 
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CONCLUSIONS 


It is by no means certain that the theoretical equations on which this 
discussion is based are correct. For these expressions are based upon the 
classical electrodynamics, whose reliability applied to problems of the 
present type is open to question, in view of its failure to account for such 
phenomena of x-ray scattering as the Compton and allied effects. Never- 
theless, as far as these experiments have been made they seem to support 
in every way the theoretical developments. This is borne out by the fol- 
lowing facts: (1) The probable radius of the atom as determined by this 
means is in no case an impossible radius. (2) The distribution of the 
electrons in the atom is quite consistent with distributions determined 
by other methods. (3) Using the electron distribution curves obtained 
by Compton!® from the single crystal measurements, Bieler has cal- 
culated the magnetic susceptibility of the chlorine and sodium ion, which 
is of the same order of magnitude as is found experimentally. There is 
thus no evidence of any failure of the classical electrodynamics as applied 
to calculations of the intensity of x-ray reflection. 

In conclusion the writer wishes to express his appreciation to Professor 
A. H. Compton for suggesting the problem and for his advice and 
assistance in this work. He is also indebted to Mr. C. S. Barrett for his 


assistance in the computations. 


RYERSON PHysICAL LABORATORY, 
UNIVERSITY OF CHICAGO. 
September 4, 1926. 
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THE CRYSTAL STRUCTURE OF MAGNESIUM DI-ZINCIDE 


By JAmes B. FRIAUF 


ABSTRACT 


Crystals of the intermetallic compound, MgZne, were prepared and the 
crystal structure was determined from x-ray data furnished by Laue and 
rotation photographs. The crystal was found to have hexagonal axes with 
a=5.15A and c=8.48A. The unit cell contains four molecules. The effect 
of absorption in the crystal in determining the wave-length giving a maximum 
intensity of reflection in Laue photographs was used to confirm the dimensions 
of the unit cell. The atoms have the positions: 

Zn: 4, &, }; 20, @, 4; u, 2u, 3; @, u, 3; 2u, u, 3; a, 2a, 3; 0, 0, 0; 0,0, 3 
Mg: 4, 9,034, 3,3 — 059,34 + 9; %, 4,0. : 
Where u=0.830 and v=0.062. The least distance between two magnesium 
atoms is 3.15A, between two zinc atoms, 2.52A, and between a magnesium 
and a zinc atom, 3.02A. 


HE constitution diagram for the binary system, magnesium-zinc,!* 
has a pronounced maximum corresponding to the formation of an 
intermetallic compound, MgZne, which forms eutectics with both con- 
stituents. Since both magnesium and zinc crystallize in the hexagonal 
close-packed arrangement, a determination of the crystal structure of 


their compound was thought to be of interest. 

Crystals of the compound were formed by melting together the 
calculated amounts of magnesium and zinc under a molten mixture of 
sodium and potassium chlorides to prevent oxidation. The melt was then 
allowed to cool slowly in the electric furnace, about four hours being 
taken to cool from ten degrees above to ten degrees below the melting 
point of the compound, 595°C. In this way a mass of ¢rystals was ob- 
tained from which individual crystals were separated for the production 
of Laue and spectral photographs. 

Two rotation photographs taken with the x-rays from a molybdenum 
water-cooled tube on an x-ray spectrograph of the kind described by 
Wyckoff,’ furnished data for the determination of the size and shape of 
the unit cell. As no information on the crystal class or axial ratio of 
crystals of this compound was found in the literature, a consideration of 
the secondary spectra as well as of the principal spectrum was necessary 
in order to obtain the quadratic form which gives the spacings of the 
planes. These spacings can be computed from the positions of the re- 


1 Grube, Z. anorg. Chemie 49, 80 (1906). - 
* Bruni and Sandonnini, Z. anorg. Chemie 78, 276 (1912). 
* Wyckoff, The Structure of Crystals (New York, 1924), p. 164. 
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flections on the plate and furnish information of the same nature as that 
available from a powder photograph. 

Table I gives the data from a rotation photograph. The observed 
spacings are the means of those calculated from the reflections produced 
by the Ka doublet and the K@ line of molybdenum for all the planes of 
the same form showing on the plate. These spacings were compared with 
the charts given by Hull and Davey,‘ and were found to agree with the 


TABLE I 


Spacing between planes of magnesium di-zincide. The spacings are found to agree with 
the spacings for a hexagonal unit cell having a=5.15A, c=8.48A, c/a=1.646 


Observed Calculated Observed Calculated 
Plane spacing spacing Plane spacing spacing 


00.1(2) .241A 4.240A 12.3 1.449 -448 
10.3 377 2.388 00.1(6) 1.411 413 
11.2 204 2.201 20.5 1.351 .350 
00.1(4) .122 2.120 12.4 or .320 
1. 
1. 1 
1. 1 
1. 1 








10.1(2) -966 974 11.6 .244 -239 
10.4 -916 915 20.6 .198 .194 
20.3 746 751 20.7 .071 .065 
12.1 .658 653 00.1(8) 062 -060 





et ee DD DD DO 





spacings for a hexagonal unit cell having a=5.15A and c=8.48A. Since 
the crystal was rotated about one of the a axes for this photograph, the 
assignment of indices obtained from the chart was checked by comparing 
the computed values of the x and y coordinates with the observed. The 
fact that certain reflections'could not occur because of the limited rotation 
of the crystal could also be used in some cases to distinguish between 
planes having nearly the same spacings. On another photograph taken 
with the crystal rotating about the c axis, only the principal spectrum 
was measured. This gave a=5.15A which is in agreement with the value 
just given. The third column of the table gives the values for the spacings 
computed from the dimensions of the unit cell. 

This unit cell agrees with the data from Laue photographs taken with 
the white radiation from a tungsten target. When the wave-lengths of 
the x-rays producing the spots on symmetrical and unsymmetrical Laue 
photographs were calculated on the basis of this unit cell, no values were 
found less than the short wave-length limit, about 0.24A, of the x-rays 
used. The curves showing the intensity of reflection from different planes 
of the same form reflecting at different wave-lengths in unsymmetrical 
Laue photographs, start from the short wave-length limit, rise to a 
maximum between 0.36A and 0.40A, and then decrease for longer wave- 
lengths. The presence of a maximum intensity so far below the wave- 
length of the silver absorption edge is due to absorption in the crystal. 


* Hull and Davey, Phys. Rev. 17, 549 (1921). 
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The photographic intensity, J, of the white radiation from a tungsten 
target operated at 50 kv can be approximately represented® between the 
short wave-length limit, Ao, and the wave-length of the silver absorption 
edge, 0.485A, by the equation 

I = B(A— Xo) 


where B is a constant. This must be modified, however, if the crystal 
is strongly absorbing. For a first approximation it can be assumed that 
all the rays producing spots on a Laue photograph are absorbed for a 
distance equal to the thickness of the crystal. The absorption coefficient 
can be computed from data given by Richtmyer and Warburton® for 
the atomic scattering and fluorescent absorption coefficients. Since the 
absorption due to scattering is small and nearly independent of the 
wave-length,® it will have no other effect than to decrease the value of 
the constant, B, but the fluorescent absorption, which is proportional 
to the cube of the wave-length, will cause greater weakening of the 
longer wave-lengths and the maximum intensity is accordingly shifted 
to the short wave-length side of the silver absorption edge. The density 
of the crystal, 5.16, its thickness, about 0.3 mm, and the computed ab- 
sorption coefficient give 


I’ = B'(A—o)e72?™ 


where I’ is the photographic intensity of the white radiation after passing 
through the crystal, and B’ is the constant, B, multiplied by the factor 
which represents the common decrease in intensity of all wave-lengths 
due to scattering. The curve given by this equation has a maximum at 
0.36A and agrees in form with the curves showing the intensity of re- 
flection as a function of the wave-length, thus furnishing additional 
evidence for the correctness of the unit cell chosen. 

The density was determined by weighing in a specific gravity bottle 
after breaking the sample into small pieces in order to avoid, as far as 
possible, inclusion of blowholes. Two determinations gave 5.164 and 
5.155. Using the value 5.16 for the density, the computed number of 
molecules in the unit cell was found to be 3.93, the deficiency from the 
integral number, 4, doubtless being due to the fact that the density 
determined by the use of a specific gravity bottle is likely to be less than 
the density determined by x-ray measurements, unless porosity of the 
sample can be completely eliminated. 

Smaller unit cells, containing 1, 2, or 3 molecules were found to be 
inconsistent with the data available. 


5’ Wyckoff, The Structure of Crystals (New York, 1924), p. 142. 
* Richtmyer and Warburton, Phys. Rev. 22, 539 (1923). 
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A Laue photograph taken with the incident beam of x-rays parallel to 
the principal axis of the crystal had a six-fold symmetry axis intersected 
by six planes of symmetry. The space-group giving the arrangement of 
atoms in the crystal must consequently be isomorphous with one of the 
point-groups D;", Cs", Ds or De’. Reference to a tabulation of the results 
of the theory of space-groups’ shows the possible ways of arranging four 
(magnesium) and eight (zinc) atoms in the unit cell. The arrangements 
which are possible if it is assumed that the magnesium atoms are equiva- 
lent and that the zinc atoms are likewise equivalent, are inconsistent 
with the Laue data and the assumption of equivalence of all chemically 
like atoms must consequently be relinquished. With the freedom of 
choice thus allowed there are numerous ways of arranging the atoms. 
The zinc atoms may be in two groups, each of four equivalent positions; 
two groups, one of six and one of two equivalent positions; or in some 
other combination giving the required number of atoms. The number 
of possible combinations for the magnesium atoms is somewhat less. 
The choice of the correct atomic arrangement is simplified by the observa- 
tion that many of the groups of six equivalent positions lie in a single 
plane parallel to the base of the unit cell. If, however, six zinc atoms 
which constitute more than half the reflecting power of all the atoms 
contained in the unit cell, are arranged in such a plane, the absence of 
odd order reflections from 00.1 and the observation that the fourth order 
reflection from 00.1 is stronger than the second order cannot be satis- 
factorily explained. Groups of six equivalent positions having such an 
arrangement are consequently excluded from further consideration. 

The only structures which are possible with these restrictions and 
which offer any possibility of accounting for the observed intensity 
relations are those arising from the space-groups D3,*, Cs.*, De®, and Dea'. 
Of the structures which can be obtained from the space-groups D,° and 
D«* the only one not conflicting with the data is that in which the atoms 
have the following positions: 

Zn: 4u,%,4; 2%,0,3; u,2u,3; a,u,2; 2u,u,2; 7,20,2; 0,0,0; 0,0,4 

Mg: 3,3,9; 3,3,3—-2; $5353 +0; $,3,0 
This arrangement is obtained by placing the magnesium atoms in one 
group of four equivalent positions and the zinc atoms in two groups of, 
respectively, six and two equivalent positions. A consideration of the 
type of structure involved shows that it is sufficient to consider only 
values of the parameters satisfying the conditions 0S u<0.5 and —0.25 


7 Wyckoff, The Analytical Expression of the Results of the Theory of Space Groups 
(Washington, 1922). 
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Sv<X0.25. If it is assumed that there is a reasonable distance between 
the two magnesium atoms in the same vertical line, v will be restricted 
to the middle half of its possible range. 
The amplitude factor, S, is computed from 
S= ( A?+ B?)t 

where A and B have their usual significance of sine and cosine summa- 
tions,* and is zero for first order reflections from planes of the forms 
{hh - 2p+1} irrespective of the values of u and v. No first order re- 
flections from any such planes were found on any of the Laue photo- 
graphs, although planes of the forms 22.1, 33.1, 44.3, 55.3, and 44.5 were 
in a position to give first order reflections at a favorable wave-length. 
Another characteristic feature of this structure is that the magnesium 
atoms contribute nothing to the amplitude factors for first order re- 
flections from planes of the forms {0 3h -26+1}. The intensities of 
such reflections are consequently useful in determining the positions of 
the zinc atoms, and show that u can not have values differing greatly 
from 0, 3, 3, or 3}. Consideration of the amplitude factors for other planes 
shows that the only values of u giving general agreement with the 
requirements of the Laue data are those in the neighborhood of u=}. 
The observed intensity relations for the planes 26.3, 26.5 and 26.7 can 
then _be satisfied by giving v a small negative value. 


TABLE II 


Extent of the agreement between estimated intensity and amplitude factor using for 
the parameters the values u=0.170 and v =—0.062 








Estima- Ampli- Estima- Ampli- 

Plane Spacing tedinten- md tude | Plane Spacing tedinten- md tude 

sity factor sity factor 

12.1 1.65A 32 0.37 31 16.4 0.65 3 0.36 72 
03.17 1.46 4 0.46 15 | 07.3 0.62 5 0.37 108 
13.1 1.22 20 0.36 38 | 35.3 0.62 4.8 0.38 89 
04.1 1.10 90 0.43 171 | 35.4 0.61 3 0.43 84 
02.1(2) 1.08 70 0.76 132 | 26.3 0.60 5 0.36 114 
23.1 1.01 12 0.41 46 | 22.3(2) 0.58 6 0.80 149 
23.2 0.99 6 0.37 30 | 26.5 0.58 10 0.35 191 
14.2 0.95 60 0.36 153 | 07.6 0.58 2.5 0.41 71 
05 .3 0.85 11 0.38 77 (| 13.3(2) 0.57 9 0.74 164 
33.2 0.84 36 0.38 152 | 35.7 0.56 1.4 0.44 68 
24.1. 0.84 28 0.31 170 | 26.7 0.55 5 0.42 136 
24.3 0.81 23 0.40 116 | 08.3 0.55 2.$ 0.3 113 
12.2(2) 0.78 3 0.91 29 | 17.6 0.54 2.5 0.36 83 
15.3 0.77 11 0.43 83 | 08.5 0.53 5 0.35 192 
15.4 0.75 12 0.41 98 | 04.3(2) 0.51 5 0.73 164 
03.1(2) 0.73 8 0.75 83 | 18.4 0.50 1 0.32 108 
34.3 0.71 4.2 0.39 77 «(| 08.7 0.50 2.5 0.36 134 
25.2 0.70 10 0.36 155 | 46.5 0.49 3 0.36 190 
03.2(2) 0.70 50 0.77 237 | 27.8 0.48 1 0.38 149 
34.4 0.69 8 0.37 111 | 46.7 0.47 1 0.34 134 

16.3 0.66 5 0.39 98 








8 Wyckoff, The Structure of Crystals (New York, 1924), p. 107. 
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With the values of u and v restricted in this way it was found by trial 
that satisfactory agreement with the data was obtained for 1=0.170 
and v= —0.062. The extent of the agreement is shown in Table II, which 
gives the data from an unsymmetrical Laue photograph. The table 
shows the spacing of the plane producing the reflection, the intensity as 
estimated visually by comparison with a plate which had been given a 
series of graduated exposures, the product of the order of reflection by 
the wave-length producing the reflection, and the amplitude factor com- 
puted for the values of the parameters given on the assumption that the 
reflecting powers of the zinc and magnesium atoms are proportional to 
their atomic numbers. In comparing the intensities of two planes, if the 
plane with the smaller spacing gives the greater intensity under com- 
parable conditions of wave-length, it must have a greater amplitude 
factor. As previously stated, the maximum intensity falls between 
0.36A and 0.40A and the intensities in the table have been given in this 
region when possible. 

This two-parameter structure is the simplest which will give agreement 
with the data available. The only other possible structures are a three- 
parameter structure derived from D,‘ and a five-parameter structure 
derived from C,,*. Neither of these two more general structures can be 
eliminated, but consideration indicates that neither will give satisfactory 
agreement with the data except for values of the parameters which reduce 
them to forms closely approaching that of the two-parameter structure, 
and it is consequently concluded that this structure, or a more general 
structure, so similar as to be indistinguishable from it, represents the 
crystal structure of MgZnz when wu and v have the values given. 

This structure can be described in an alternative way without the use 
of a negative parameter by setting « =0.830 and v=0.062. Fig. 1 shows 
the arrangement of atoms in the unit cell. The least distance between 
two magnesium atoms is 3.15A, between two zinc atoms 2.52A and 
between a magnesium and a zinc atom 3.02A. The values computed 
from the atomic radii determined from the crystal structures of mag- 
nesium and zinc are respectively 3.22A, 2.67A, and 2.95A. If the zinc 
atoms at 0,0,0 and 0,0,3 are called zinc atoms of the first kind and the 
others, zinc atoms of the second kind, each magnesium atom is sur- 
rounded by three zinc atoms of the first kind and nine of the second kind, 
all twelve zinc atoms having very nearly the same distances from the 
magnesium atom. Each zinc atom of the first kind is equidistant from 
six zinc atoms of the second kind, while the nearest neighbors of each 
zinc atom of the second kind are two zinc atoms of the same kind. 

Each magnesium atom in magnesium di-zincide is equidistant from 
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three other magnesium atoms and at very nearly the same distance from 
a fourth. In the structure found, these four atoms are at the corners of a 
tetrahedron which is so nearly regular that with changes in the values of 
the axial ratio and the parameter, v, of less than one percent, each mag- 
nesium atom would be surrounded by four others at the corners of a 
regular tetrahedron having the inclosed atom at its center. This is the 
arrangement which Bragg® has suggested for the oxygen atoms in ice, 
and is given by two interpenetrating hexagonal close-packed arrange- 
ments of which one has been displaced vertically with respect to the 


= 

















O Mg 
@ Zn 


Fig. 1. Arrangement of atoms in the unit cell of MgZno. 


other, through a distance equal to $c. There is no such obvious similarity 
between the way in which the zinc atoms are arranged in magnesium 
di-zincide and in metallic zinc, and the structure which has been found 
for this compound is apparently different from any which has been 
previously described. 

In conclusion, the writer wishes to express his thanks to Dr. R. G. 
Dickinson for reading the manuscript and suggesting some modifications. 


THE BUREAU OF METALLURGICAL RESEARCH, 
CARNEGIE INSTITUTE OF TECHNOLOGY, 
PITTSBURGH, PENNSYLVANIA. 
April 19, 1926. 
* W. H. Bragg, Proc. Phys. Soc. London 34, 98 (1922). 
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ABSORPTION IN THE REGION OF SOFT X-RAYS 


By ELIZABETH R. LarrD 


ABSTRACT 


Energy of soft x-rays from a tungsten-coated nickel target as a function 
of potential from 40 to 610 v—Soft x-rays from the target were allowed to fall 
on a solid solution consisting of CaSO,+2 percent MnSQ,. The square of the 
time of duration of the thermoluminescence produced was assumed to be pro- 
portional to the total energy of the x-rays. The results indicate that in the 
range 40-610 v., the total energy varies approximately as the square of the 
potential applied to the tube. 

Absorption of soft x-rays (40-610 v.) by thin celluloid films.—By inter- 
posing a thin celluloid film, about 25 mu thick, between the target and the 
thermoluminescent substance, the transmission of the film was measured for 
various values of the applied potential from 40 to 610 volts. The transmission 
varied from 0.0 percent at 40 volts (minimum wave-length 310A) to 57 percent 
at 610 volts (minimum wave-length 20A). The results are in general agree- 
ment with the hypothesis that the absorption varies as the cube of the wave- 
length, that K absorption discontinuities in celluloid occur between 300 and 
600 volts and that the x-rays cover a wide spectral region. A photographic 
method of investigating absorption is also described. The results are fairly 
consistent with those obtained otherwise but the method suffers from the fact 
that the photographic plate is not equally sensitive to energy of different wave- 
lengths. 

Absorption of soft x-rays (300-600 v.) in air and H,.—Computation based 
on previous measurements give for air values of u/p=6.0, 6.25, 7.0, 7.610* 
at 600, 500, 400, and 300 volts respectively. These figures agree fairly well 
with those given by Holweck in O2 and Ne. For Hz the value of u/p is cal- 
culated to be about 1.8 X10‘ which is larger than the value given by Holweck 
and larger than is to be expected from the results for air. 


"THE absorption of various substances, but especially of thin cel- 

luloid films, for soft x-rays was measured by the author! in 1914 
for the range 300 to 1300 volts, and was found to change little with 
the voltage. In all cases however, the radiation had to pass through 
one window-film in addition to the substance whose transmission was 
being measured, and this made the interpretation of the results doubtful. 
Later the absorption of films between 30 and 40 my thick was measured 
by an optical method,? using the vacuum spectrograph, and it was 
estimated that from 1700A down to 900A a thin celluloid film transmits 
from 50 to 20 percent, and below not much over 5 percent. The trans- 
mission was followed to about 450A and was thought to extend lower. 


1 Laird, Ann. d. Physik 46, 105 (1915). 
2 Laird, Phys. Rev. 15, 543 (1920). 
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Holweck® also measured the absorption of soft x-rays (10.8 to 1230 
volts) by films 80 my thick using a method similar to the author’s, 
i.e. one in which the radiation had to pass an absorbing window in 
addition to the film in question. He found the transmission in the 
Lyman-Millikan region approximately the same as that found by the 
author by the purely optical method, but his films were thicker. In 
the region of soft x-rays from 300 volts to 1200 volts he found likewise 
no substantial change in transmission, and likewise attributed this to 
the effect of the window. That with this filtering the absorption in 
this region follows approximately the law I= e-** is shown by the 
figures in Table I computed from the earlier data. 


TABLE I 


Thickness: 1.6 0.9 
I/Io: 0.17 0.4 
(1/d) log (Jo/I): 0.48 


On account of the usefulness of these films it was thought desirable to 
investigate the transmission by a method that would not involve the 
previous filtering of the radiation 

There are difficulties in using the photoelectric method without a 
window, as seen by the discrepancies in the results of different investiga- 
tors who have used this method, hence a thermoluminescent method 
was chosen which seemed likely to give at least a general orientation 
on the problem. The apparatus is suggested by Fig. 1. A tungsten 
coil, as used in 100-watt, 110-volt lamps furnished by the General 
Electric Company, served as cathode and gave ample electron current 
at from 0.62 to 0.64 amp. heating current. The voltage was furnished 
by small storage cells and wireless B batteries, and was measured from 
the negative end of the filament by a Weston voltmeter. The potential 
drop across the filament was from 8 to 10 volts. The anti-cathode was 
of nickel, v-shaped. It was placed about 2 mm from the filament 
cathode and hence was soon covered with a layer of tungsten. To 
produce the vacuum a diffusion pump, with carbon dioxide cooling, 
following a Gaede mercury pump with phosphorous pentoxide drying 
was used. The pressure on the Gaede pump side was from .0008 to 
.00001 mm Hg as measured while the filament current was on. A chan- 
nelled metal piece D, with a magnet MM was used to prevent any stray 
corpuscular radiation from reaching the thermoluminescent substance T. 
The latter was a solid solution of CaSO,+2 percent MnSO,, well heated, 
spread on resistance ribbon wire bent to form a plate. It could be 


* Holweck, Ann. d. physique 17, 5 (1922). 
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heated and the thermoluminescence observed in situ. This substance 
was not at all sensitive to the light from the tungsten filament. Ex- 
posures up to six hours with the filament lighted gave no effect. In one 
experiment when a leak suddenly developed during a run, it was noticed 
that after the short-time luminescence ceased, there persisted a faint 
luminescence of long duration. This effect was reproduced later when 
at the end of an experiment air was admitted as atest. The effect was 




















Fig. 1. Diagram of apparatus. 


therefore ascribed to a change in the thermoluminescent substance 
caused by the presence of air or a trace of moisture. In investigations 
on Entladungsstrahlen it has previously been observed that luminescence 
may be caused by ordinary light in this same detector when it was 
insufficiently heated before using. 

In front of the thermoluminescent substance was a screen S, with 
two groups of three openings (see Fig. 2). In the one group 4 and 6 
were open while 5 was covered with thin celluloid. In the other, 1 and 








[1] [2] [3] 
4] [5] Le] 




















Fig. 2. Diagram of screen. 


3 were covered with celluloid and 2 with fluorite. It may be said at 
once that only once, with 630 volts on the tube, I thought possibly I 
saw a faint flash of light under the fluorite. After a six-hour exposure 
at 40 volts there was no visible fluorescence under the fluorite. 

It has been estimated in connection with earlier experiments‘ that 
the square of the time during which the thermoluminescence is visible 


‘ Laird, Phys. Rev. 30, 293 (1910). 
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is roughly proportional to the total quantity of radiation received, and 
the results given by C. A. Pierce’ make this plausible. It is not supposed 
that this holds exactly, as the times would depend on the threshold 
of vision, but comparison of the duration of visibility for exposures 
of different lengths at the same voltage showed that the radiation re- 
ceived is more nearly proportional to the square than to the first power 
of the time, and this square has been used in computations of trans- 
mission. 

The procedure was to expose the thermoluminescent substance for a 
given time to the radiation from the anti-cathode with a given potential 
difference on the tube and then, with metronome and stopwatch, to 
measure the time that the luminosity under the holes and under the 
celluloid lasts. From this the transmission was computed. In observing 
the thermoluminescence I had the help, on a number of occasions, of 
Mr. Smyth, curator of the department. We found good agreement in 
our observations. The results are given in Table II and are, in general, 
averages of several trials. Two exposures at 40 volts were made, each 
lasting six hours, the thermoluminescence with no screen lasted 11 sec. 
but no luminosity was seen under the celluloid. It was thought that a 
5 percent transmission should have been visible, but as it would be faint 
it might have been missed. It is not intended to attach importance to 


TABLE II 


Transmission of soft x-rays through a celluloid film 





Volts Transmission Minimum Volts Transmission Minimum 
on through wave- on through wave- 
tube thin celluloid length tube thin celluloid length 


40 ‘ 310A 
60 ‘ 206 
75 ‘ 164 
115 ‘ 107 
220 . 56 
270 . 46 
295 ‘ 42 








the slightly higher values of transmission given at 220 volts and at 390 
volts. In the first case one of four observations was decidedly larger 
than the others, and in the second only one observation was made. 
The potential as given is measured to the center of the filament. The 
last column contains the corresponding minimum wave-length computed 
in the usual way. . 

A computation was made of the theoretical absorption of celluloid, 
assuming it composed of two parts pyroxylin and one part camphor 
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by weight, and also assuming that each atom absorbs independently 
of the others. The formula 


ra/p=.0106(n+.02n,)N 48 


was used to compute the coefficient of absorption for the different 
substances present, where m is zero until the wave-length is reached 
at which K absorption begins, and then equals two, and m, is the number 
of L-electrons per atom. One may suppose that for wave-lengths 
greater than 50A the absorption for carbon, nitrogen and oxygen is 
of type L only, and that K absorption has begun for carbon at 40A, 
for nitrogen at 30A, and for oxygen at 25A. The result of this computa- 
tion is shown in Table III for a film 100 my thick. To find from these 
figures the effect to be expected in a given experiment, one needs to 
know the distribution of energy in the spectrum for a given voltage, and 


TABLE III 


Calculated transmission of a celluloid film, 100 mp thick 
Ain A: 15 20 25 30 35 40 SO 60 90 120 150 
Transmission: .90 .78 .61 71 .64 .51 .79 .67 .26 .04 .002 


the variation in sensitiveness of the detector for different wave-lengths. 
Graphs were made of the Kuhlenkampf equation in the form, 
E,=[A(1/ho—1/A) +B] /? 


and then the computed transmission factors were used to draw curves 
representing the approximate distribution of energy after passing the 
film. Radiation of wave-length longer than 120A was neglected and 
uniform energy sensitiveness of the thermoluminescent detector was 
assumed. The ratio of the areas under the curves then gives the trans- 
mission. At 1230 volts this was computed to be 62 percent, at 615 
volts 56 percent, a relatively small change, and at 246 volts the trans- 
mission would be less than 25 percent, but through a second film would 
be 50 percent of what had passed the first. It is seen that theoretically, 
because of (a) the rapidly diminishing factor, \*, in the absorption co- 
efficient, combined with the introduction between 40A and 20A of the 
various K terms, and (b) the integration of the effect over a considerable 
spectrum range, the result is to produce an absorption of soft x-rays 
which does not vary greatly in the range considered. It is also seen that 
theoretically, for voltages above 300, the effect of a celluloid window 
would be to cut off wave-lengths greater than 90A almost completely, but 
to transmit the whole range of shorter wave-lengths in the general radia- 
tion. Films made from the same solution as used in this work measured 
25 my in equivalent thickness. When one compares computation and 
experiment one sees therefore that while the theoretical result is in general 
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agreement in the sense of predicting, for the transmission of general 
radiation at low voltages, small values, which gradually increase as the 
voltage increases and then remain approximately constant over a certain 
range, that the actual absorption is greater than predicted. From 
Table I one may see that for agreement with the earlier experiments these 
films should transmit 95 percent of a filtered radiation at 600 volts. 
While the luminescence at 600 volts is quite strong the total duration 
under the film is appreciably less than under the free opening, the dif- 
ference being greater than the figure 95 percent would imply. Any 
corpuscular rays mixed with the radiation would have the effect of 
diminishing the apparent transmission, but tests made with the metal 
carrying the thermoluminescent substance insulated and at positive 
and at negative potentials showed no difference, hence it is certain that 
a corpuscular radiation was not involved. This difference between 
the present and earlier results has been however already explained, at 
least in part, by the fact that the filtered radiation of the earlier ex- 
periments had already lost the easily absorbed part. That the computa- 
tion describes the phenomenon as nearly as it does is interesting because 
one could not expect an atomic formula to hold exactly in this region. 
Holweck® made the statement (I. c. p. 37) that a film which transmits 
92 percent before the carbon K discontinuity transmits only 9 percent 
of a radiation of slightly shorter-wave-length. He thus accounted for 
the uniform transmission from 300 volts on by assuming that beyond 
this potential the window-film transmitted only the same longer wave- 
lengths. This is evidently not in accord with the facts. 

A comparison of the total energy in the radiation at different voltages 
for the same electron current, as estimated by the thermoluminescence 
produced, suffers both from the difficulty of estimating quantitatively 
the thermoluminescence, and the uncertainty as to whether the same 
proportion of the total radiation is being utilized at different voltages 
when on account of diaphragms the whole surface of the anticathode 
does not act as source. In a general way the results would agree with 
the hypothesis that the energy increases with the square of the voltage, 
but there is a big scattering of points. The effect of a one-minute ex- 
posure at 15 m.a. electron current at 600 volts is about the same as for 
a five-minute exposure at 300 volts, and is estimated to be more than 
twice as great as for a six-hour exposure with 4 m.a. current at 40 volts. 

As another means of investigating this region of radiation it was 
thought desirable to try a photographic method. This introduced the 


5 E. L. Nichols and E. Merritt, Studies in Luminescence, p. 91. 
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difficulty of eliminating effects from direct or reflected filament light, 
and necessitated the use of a Wehnelt cathode which could be used at a 
dull red temperature. With this cathode, even when the McLeod 
gauge between the tube and diffusion pump registered no pressure, one 
could with rested eye in a dark room usually detect some luminosity 
in the tube, perhaps on the walls of the glass. The arrangement as 
finally used was as indicated in Fig. 3, in which G is a grid in an opening 
in a piece of mica, AC is the plate serving as source of radiation, S is a 
long tubular slit, A is a shelf on which absorbing screens may be placed, 
P is the photographic plate which may be moved along by a ground glass 
joint. A horseshoe magnet was used to deflect sidewise any corpuscular 
rays passing down the slit. There were three openings in the screen A, 
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Fig. 3. Arrangement of apparatus for the photographic method. 


one was covered with thin quartz, and one with a celluloid film. With 
this arrangement there was no photographic effect due to the hot fila- 
ment, but when the potential was applied to the tube slight effects 
showing the presence of a small amount of ultra-violet light were found 
at various times under the quartz. 

In these experiments liquid air was used on the mercury trap, and 
after the tube was exhausted, it was run for from one and a half 
to three hours before the definite exposures were made. The pumps 
were kept going continuously. Several exposures were made on 
one plate. The effect of different times of exposure with the same 
voltage, and of different voltages was thus tested. It was at once 
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apparent that the photographic effect did not increase with voltage 
so rapidly as the thermoluminescence or ionization does. To give the 
same darkening the product of electron current and time of exposure 
was more nearly inversely as the voltage than as its square, or was varied 
even more slowly than this. The interpretation of absorption records 
is hence difficult, since if the energy in the longer wave-lengths is more 
effective in producing a photographic effect than the same quantity of 
energy in the shorter wave-lengths, then the transmission through a 
film which transmits the shorter wave-lengths relatively better will ap- 
pear less than by a method which more nearly measures the total energy 
of the radiation. 

The darkening of the plate was measured by a thermocouple densito- 
meter. Estimates of the transmission were made both by comparing 
the time of exposure, with film interposed, and that exposure without 
the film which gave most nearly the same darkening, and by comparing 
the density with and without film from a simultaneous exposure. These 
gave at 600 and 845 volts a transmission between 40 and 50 percent, 
and at 265 volts between 30 and 40 percent. In some experiments 
two absorbing films of different thickness were used, and as expected 
the ratio of transmission through thick to that through thin was greater 
than the above. These experiments served then to confirm in a general 


way the results obtained by other methods. It may be added that a 
five-minute exposure with 0.4 m.a. plate current at 600 volts gave a good 


photographic effect. 


ABSORPTION IN GASES 


In 1920, data were given® from which could be computed the coefficient 
of absorption of air in the region from 600 to 300 volts, by giving ioniza- 
tion currents produced at different air pressures in an ionization chamber. 
The source of error was the difficulty in maintaining a constant electron 
current. There is an error in the published table, the electrometer 
deflections at 2 mm pressure and at 7.5 mm pressure being for 2 and 1.5 
min. respectively instead of for 1 min. as stated. These gave for u/p 
the values 6, 6.25, 7, 7.6 10° at 600, 500, 400 and 300 volts respectively. 
Another set of values not taken with this in view, and probably not as 
accurate because of greater inconstancy in the source of radiation, gave 
at 600 volts 5.410%. These values are quite close to those given by 
Holweck, viz. log u/p for nitrogen 3.68 and for oxygen somewhat larger. 
Holweck examined the absorption for nitrogen over a wide region, and 
found it substantially constant between 300 and 1200 volts. He ex- 


* Laird and Barton, Phys. Rev. 15, 303 (1920). 
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plained this also as the effect of the transmission of an approximately 
unchanged wave-length by the celluloid window. Considerations similar 


to those employed for celluloid show that also here, with just one dis- 
continuity to be expected in the region, there is still but slight change 
in the integrated absorption phenomena, if one assumes a distribution 
of energy such as was computed previously for the radiation after passing 
a window. The average value of u/p as so computed for the case of 
600 volts is however 1.2 X 10‘, corresponding to a much larger absorption 
than that found, instead of smaller as in the case of the celluloid. One 
may question whether the absorption is strictly atomic. 

Some earlier experiments’ were also made with hydrogen, and while 
not made for this purpose serve to indicate that while uw in cm for 
hydrogen is smaller than for air, 4/p would be larger, 1.8 10*, contrary 
to the result given by Holweck and to the usual theory. Assuming 
his value for uw at a pressure of 3 mm in the ionization vessel used, one 
should have only about 2 percent of the maximum ionization, and the 
large difference between this and the result found by, the author is not 
easy to explain. Perhaps reflection from the walls play a larger part 
than is thought. I hope to try this by a slightly different method. 

The work on developing and using the photographic method for these 
experiments and those on reflection reported earlier, was done at the 
Sloane Physical Laboratory, Yale University. It is a pleasure to thank 
Professor Zeleny and Professor Swann for their great kindness in placing 
the facilities of the laboratory at my disposal. 


Mount HOLyoKkE COLLEGE, 
August 7, 1926. 


71. c. pp. 301, 302. 
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THE LINE SPECTRA OF THE ISOTOPES OF 
MERCURY AND CHLORINE 


By Francis A. JENKins! 


ABSTRACT 


Comparison, for Hg and Cl, of wave-lengths and relative intensities in line 
spectra from samples of varying isotopic composition.—Two sample- 
pairs of mercury with atomic weight differences of 0.124 and 0.180 and one sam- 
ple pair of chlorine with a difference of 0.097 were examined spectroscopically. 
An echelon (resolving power about 400,000) and a plane grating (resolving 
power 478,000 in the fifth order) were used. The spectra of the mercuries with 
the smaller atomic weight separation showed for the lines \\5461, 4359, 4078 
and 4047 no wave-length differences greater than the error of measurement 
(3X10-*A). The first two of these lines, obtained, with the use of a special 
source from the mercuries of the greater atomic weight separation, were 
studied to see if differences in the relative intensities of the satellites could be 
brought out. None was found. The results, therefore, do not favor the isotopic 
origin of the satellites. The spectra of the two chlorine samples, when examined 
with the echelon showed distinct evidence of differences in wave-length. The 
heavier chlorine almost invariably gave the smaller wave-length. The dis- 
placements were of the order of 0.001A, and only two or three times the error 
of their determination. A convenient source of the chlorine spectrum is 
described. 


6 ew only direct experimental evidence of a difference in the electronic 

spectra of isotopes is that first brought forward by Aronberg,? who 
found the line \4058 in the arc spectrum of ordinary lead to have a wave- 
length 0.0043A shorter than the same line in the spectrum of lead ex- 
tracted from a uranium ore. This result has since been confirmed and 
extended to other lead lines in later independent investigations.* It is 
important that the effect observed by Aronberg was a distinct shift of 
the line, and not a mere broadening on one side, which we should expect 
if ordinary lead were a mixture of isotopes of mass 206 and 208. The 
latter effect was noted, however, by Grebe and Konen‘ in their com- 
parison of the lines of the lead band spectrum. Even if we assume 
ordinary lead to be a third isotope, it is difficult to explain Aronberg’s 
result, since his uranium lead was not free from ordinary lead. Although 
the shift which we observe in a line when the relative proportions of the 
isotopes are altered is most reasonably ascribed to a re-distribution of 


1 National Research Fellow. 

2 Aronberg, Astrophys. J. 47, 96 (1918). 

’ Comprehensive reviews of the subject of isotope spectra have been given by 
Aston, ‘‘Isotopes,”’ 2nd ed., Ch. X (1924) and by Joos, Phys. Zeits. 26, 357 (1925). 

* Grebe and Konen, Phys. Zeits. 22, 546 (1921). 


50 








SPECTRA OF ISOTOPES OF MERCURY AND CHLORINE 51 


intensities in a close multiplet whose components arise in the several 
isotopes, it has not been experimentally proven to be due to this effect. 

The results of other investigations of the spectra of the lead isotopes 
agree as to the direction of the shifts (the lines from the heavier lead 
always had the smaller wave-length), and fairly well as to their mag- 
nitude. Discrepancies in the latter were attributed to the different purity 
of the samples of radioactive lead, and correspond roughly with the 
atomic weight data. Merton® compared the wave-lengths of several of 
the brighter arc lines, and found that the shifts varied, sometimes by 
as much as 50 percent, for different lines. Recent work by Mlle. Pierette,* 
however, has failed to confirm this: the displacements were found to be 
constant over the range of wave-lengths studied. 

The circumstance that we have been unable completely to separate 
the isotopes of other non-radioactive elements in appreciable quantities 
has left the theoretical interpretation of these results in a rather un- 
satisfactory state. The simple Bohr equation’ for the change of the 
Rydberg constant with the nuclear mass, although strictly accurate only 
for an atom having one planetary electron, was thought to give an upper 
limit for the actual shift for complex atoms. However, as Bohr has 
pointed out,’ the equation is probably not at all valid for lines involving 
S-states, since the electron in these orbits penetrates the shells of other 
electrons and passes very near the nucleus. The energy of the orbit 
would be largely determined during this close approach, and a difference 
in the distribution of the nuclear field of force in the isotopes might thus 
account for the unexpected magnitude of the shift observed for some 
lead lines. 

In order to obtain further information on these uncertain points, the 
writer has made a comparison of the spectra of samples of mercury of 
different atomic weight, which were made available for this investigation 
through the kindness of Professor W. D. Harkins. A similar comparison 
has also been made for chlorine, which was likewise obtained from him.* 
The atomic weight difference for both elements was brought about by 
long-continued fractional diffusions, and in both cases represents an 
appreciable change in the proportions of the isotopes. 

5 Merton, Proc. Roy. Soc. 100A, 84 (1921). 

6 Pierette, Comptes rendus 180, 1589 (1925). 

? Bohr, Nature 109, 745 (1922). 

8 This separation of the mercury isotopes was obtained by using the extremely rapid 
and efficient method devised by Mulliken (Jour. Am. Chem. Soc. 45, 1592 (1923)). 
The results have not yet been published. The chlorine samples were produced by 
independent work on the heavy fraction from the diffusion of HCI (Harkins and Hayes, 


Jour. Am. Chem. Soc. 43, 1803 (1921)), and on the light fraction (Harkins and Jenkins, 
Jour. Am. Chem. Soc. 48, 58 (1926)). 
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The mercury spectrum in particular has interested those searching 
for spectroscopic evidence of isotopes, since the numerous satellites of 
its lines were thought to be related to its complex composition.® While 
it is now generally conceded that the satellites have no direct connection 
with the isotopes, the results of Nagaoka, Sugiura, and Mishima,?® 
which they held to demonstrate such a relation, can be tested by in- 
vestigating the “partially separated” isotopes, as Nagaoka suggested 
later. Although the separation for mercury is small in terms of the 
atomic weight change, we might expect a considerable difference in the 
relative proportions of the lighest and heaviest isotopes in the two 
fractions because of the large atomic weight interval. Assuming the 
more accurate isotopic constitution recently reported by Aston,” the 
exact changes in the proportions of all isotopes, corresponding to a given 
atomic weight change, may be calculated. This has been done for the 
two best samples, which differed by 0.18 atomic weight units, using the 
equations of Mulliken and Harkins.“ The results show that, while the 
proportions of most of the isotopes are nearly the same in each, the 
fraction of isotope 198 in the heavier mercury is 20 percent smaller than 
in the lighter mercury, and the fraction of isotope 204 is 27 percent 
greater. A comparison of the intensities of the satellites of a given line 
from the two samples thus affords an experimental test of the theories 
mentioned above. 

The separation for chlorine, expressed as an atomic weight difference, 
was less than that for mercury. However, because of its smaller atomic 
weight, the relative difference for chlorine is three times that for mercury. 
We may suppose that, although the components of the hypothetical 
isotopic chlorine doublets should show smaller changes in relative in- 
tensity than should be found in the isotopic components for mercury, 
their frequency difference should be much greater than the differences 
for mercury. Since, in the absence of a quantitative theory for this effect, 
it is impossible to say what difference should exist between the spectra 
of these isotopic samples, and how it will manifest itself at the dispersion 

® See, for example, Nagaoka, Sugiura, and Mishima, Nature 113, 459 (1924); Jap J. 
Phys. 2, 121, 167 (1923) and McLennan, Ainslie and Cale, Proc. Roy. Soc. 102A, 
33 (1922). These theories have lost some force since Aston’s recent discovery (Ref. 12), 
of the absence of an isotope of mass 197, and neither is supported by the intensity 
relations among the satellites. The work of Metcalfe and Venkatesachar (Nature 115, 
15 (1925); Proc. Roy. Soc. 105A, 520 (1924)), on the long-column radiation and ab- 
sorption of the mercury lines seems to favor the isotopic origin of some of the satellites. 

10 Runge, Nature 113, 781 (1924); Joos, Ref. 3. 

1 Nagaoka, Nature 114, 245 (1924). 


2 Aston, Nature 116, 208 (1925). 
18 Mulliken and Harkins, Jour. Am. Chem. Soc. 44, 37 (1922). 
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used, the comparison of wave-lengths and intensities has been made as 
accurate and complete as possible for both mercury and chlorine. 


COMPARISON OF THE MERCURY LINES 


The spectra of two small mercury arcs containing the isotopic mercury 
were compared using a 30-plate Michelson echelon, and later an 8-inch 
plane grating in the fifth order. Owing to its greater dispersion, the 
echelon gave more accurate wave-length comparisons, although its 
resolving power was slightly less than that of the grating. The optical 
system for the echelon photographs consisted of a collimator, the echelon, 
a large glass prism, and a lens of 4 m focal length to form the image. 
The slit was horizontal, and was fitted with a slide which could expose 
either of two adjacent portions 1 mm long. The collimator passed a beam 
of parallel light directly into the echelon, which was placed so that its 
steps ascended toward the collimating lens. After leaving the echelon, 
the light passed through the prism, which was in the usual position and 
hence crossed with the echelon—a very convenient arrangement for 
isolating the individual lines of a spectrum when they are not too numer- 
ous. The lens and plate-holder were mounted at either end of a light- 
tight metal pipe. 

It is well known that the relative intensities of the satellites of the 
mercury lines vary somewhat with the conditions in the source. In order 
to minimize this effect, the two mercury arcs were made with identical 
dimensions, operated with the same current, and connected with the 
same vacuum line. They were placed close together in a rectangular jar 
of running water, and one could be lowered slightly so that a comparison 
photograph could be made without moving the condensing lens. A heavy 
metal box surrounded the echelon, and the apparatus was mounted on 
solid piers in a constant-temperature room. These precautions were 
necessary to avoid false shifts of the adjacent spectra. The time of 
exposure was short (3 to 5 minutes for the brightest lines), with these 
mercury arcs. The arc is established between two small pools of mercury 
and passes through a short horizontal length of tubing 3 mm in diameter. 
The light from the constriction is very intense, while the definition of 
the lines is still very good owing to the efficient cooling. 

Other mercury sources giving very sharp lines were used later, and 
are worthy of mention. For the grating photographs, a water-cooled 
arc lamp constructed from the figure shown by Wood" proved very 
satisfactory, though its lack of intensity necessitated long exposures. 
In examining the mercury with the largest atomic weight difference, it 


4 Wood, Phil. Mag. 50,'Fig. 1, 765 (1925). 
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was found convenient to excite the spectrum in a Geissler tube discharge 
through helium at 1 cm pressure, with a droplet of mercury in the tube. 
The lines from this source, when it was operated with a small current 
from a transformer, were bright and extremely sharp, and the method 
had the advantage of requiring only a trace of the valuable mercury. 
The spectra of Fig. 1 (B) were taken in this way. 

' Fig. 1 (A) shows one of the comparison plates for the green mercury 
line. Several plates of this kind were taken for each of the lines \A5461, 
4359, 4078 and 4047, all of which involve S-terms in the series notations. 
The most accurate wave-length comparisons were obtained with these 
plates. Relative measurements were made for all of the satellites, as 
well as the central components. With a Gaertner comparator graduated 
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Fig. 1. Comparison of green mercury line from isotopic sources. (A) From vacuum 
arcs. This illustrates the method of wave-length comparisons. The slight haziness in 
the upper pattern was due to a droplet of mercury which condensed in the constriction 
of the arc. (B) From Geissler tubes containing helium and mercury. Note the identical 
intensity distribution among the satellites. 

These photographs were taken with the echelon. The central band may be seen 
in 2 and 3 orders, respectively, in (A) and (B). The three in (B) are marked below. 
The atomic weight of the mercury giving the line is indicated at the right in each case. 
The satellites are numbered outward from the central band, which consists of five un- 
resolved lines. Lines not marked are ghosts, which always appeared on the high- 


frequency side of the brighter lines. The wave-length separations are indicated by the 
scales drawn below. 


in .001 mm, settings were made alternately on the same line in the two 
spectra, and the difference in the two readings could be reproduced to 
within a few ten-thousandths of an angstrom. All the shifts measured 
were 3X10-‘A or less, and were about equal to the probable error of 
measurement in each case. As typical of these results, the values obtained 
for the brighter components of \5461 may be quoted: —6, 0.0000A 
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+0.0001; —5, —0.0003+0.0002; —4, —0.0002+0.0002; central com- 
ponent, —0.0001+0.0003; +3, +0.0001+0.0002; +4, 0.0000 + 0.0002. 
A positive sign indicates that the line from the heavier mercury gave the 
smaller wave-length. A survey of all the data indicates a random dis- 
tribution in regard to both sign and magnitude, and it is evident that all 
the wave-lengths resolved are very exactly equal in these isotopic samples 
of mercury (atomic weight difference 0.124 units). If the shift for 
mercury were similar to that for lead, and proportional to the atomic 
weight difference, we should expect the shifts to be +0.0007. 

The relative intensities of the satellites were always visually the same 
in the two patterns. Some preliminary photometric measurements were 
made, but failed to show any consistent variation. The two spectra 
were so nearly alike that in some cases, where the patterns were par- 
ticularly well matched, it was very difficult to distinguish the dividing 
line. Further confirmation of the identical intensity distribution was 
obtained from the spectra of the mercury with the larger separation 
(atomic weight difference 0.180 units), using the helium-mercury sources 
mentioned above (see Fig. 1 (B)). Plates were taken for the lines \A5461 
and 4359. For these, a small comparison prism was employed, so that 
they were not as suitable for the determination of wave-length differences. 
The spectra were adjacent, however, and the relative intensities of the 
satellites could be accurately compared. No difference could be detected 
for either line, whereas, if the satellites of a line were given out by the 
isotopes, those corresponding to 198 and 204 should show intensity 
differences of 1/5 and 1/4, as has been explained. It is possible, as 
McLennan has suggested for \5461, that the real isotopic satellites lie 
within the central group (—3 to +3), which was not resolved with these 
instruments." The entirely negative results obtained here would be 
expected if this were the case. They are, however, certainly contrary to 
any hypothesis attributing the outer satellites to the isotopes. 


COMPARISON OF THE CHLORINE LINES 


For studying the chlorine lines, a special discharge tube was used, 
provided with a trough-shaped platinum cathode. Silver chloride pre- 
pared from the isotopic chlorine was fused on the surface of the cathode. 
The tube was then highly evacuated and filled with purified hydrogen 
to a pressure of 1 mm. This was necessary to maintain the constant 
radiation of the chlorine spectrum required for long exposures. When 
it was excited by a large induction coil, the chlorine lines appeared in 
the bright green glow above the cathode, which was viewed end-on. 


% But see Ref. 9. 
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The only hydrogen line in the region investigated, Hf, was easily dis- 
tinguished by its diffuseness in the high-dispersion spectra. It is interest- 
ing to note that the chlorine lines from this source have an intensity 
distribution remarkably different from that given by a tube containing 
chlorine gas.'® 

Here again the echelon proved best adapted to an accurate comparison 
of wave-lengths. The exposures were of from 5 to 7 hours duration, so 
that the spectra were necessarily photographed simultaneously. This 
was accomplished with a, small total-reflection prism placed as near as 
possible to the slit. The latter was set vertical, and the echelon placed 
so that its dispersion was horizontal and in the same direction as that 
of the prism which followed. The image was formed by a lens of much 
shorter focus (1 m), which increased the intensity and possessed the 
added advantage that the whole visible spectrum could be photographed 
on the same plate. The sources were operated in series from the same 
induction coil, and plates were taken where they were interchanged, to 
bring out any artificial shifts. 

In the first few trials a difficulty was experienced in accurately com- 
paring the positions of a line in the two spectra, since, with the small 
image, the lines had a marked curvature. This was met by superimposing 
a comparison spectrum of mercury, so that measurements could be made 
from a point in a sharp mercury line to the corresponding point in a 
chlorine line. The mercury lines were exposed by placing a mercury 
lamp for a few seconds in the positions which had been occupied by the 
two chlorine sources, without moving either condensing lens. 

Fig. 2 shows one of the plates which were taken in this way. No 
attempt has been made to ascertain the fine-structure of the chlorine 
lines from these photographs, but it is evident from the reproduction 
that most of them are relatively simple. The wave-length designations 
in the echelon spectra are somewhat arbitrary, but probably most of 
them are correct. A bright line in the echelon spectrum, appearing in 
two or more orders, was usually found in the approximate position of a 
line in the spectrum with the prism alone, and was designated by the 
wave-length of the latter. 

The coincidences of twelve of the brighter lines were measured by the 
method mentioned above. The sharp satellites in the superimposed 
mercury patterns were used as reference lines. Four plates served for 
these comparisons. For two of these, the light from the heavier chlorine 
had passed into the collimator directly, while that from the lighter 


‘6 For instance, as shown by Hagenback and Konen, ‘‘Atlas of Emission Spectra,”’ 
(1905) chart 249. The chlorine was used at a fairly high pressure, 
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chlorine was reflected by the comparison prism. For the other two, the 
position of the sources was interchanged. If, as before, the shift is given 
a positive sign when the heavier sample showed the shorter wave-length, 
the four brightest lines gave the following results:* 45392," +0.0012A 
+0.0007; 5218, +0.0008+0.0006; 4741, +0.0011+0.0003; 4133, 
+0.0001 +0.0002. All four plates gave the shift as positive for \4741, 
the line which gave the most definite indications of a displacement. 
A further series of measurements was made for these four lines, averaging 
a large number of settings on each line. The * alues thus obtained were 
(in the same order as above), 0.0006+0.0005; 0.0008 + 0.0003; 0.0012 
+0.0002, and —0.0004+0.0003. This is typical of the accuracy with 
which the results could be reproduced. Although it is true that the shifts 
for the first three lines are not far above the probable error of their 
determination, the writer considers that they represent a real difference 
in these spectra. It seems significant that a large majority of the values 
obtained were positive, the direction of shift required by the Bohr theory. 
The negative shifts were always small and the lines among the faintest. 


ct 4741 CIS2ZI6 CiSHZHNgH6t Hg S764 
cy3*4 
Cl 35.S2 


Se 55-01 
" 


| 1 1 1 | L 1 1 i | —_— 


A 4500 5000 §500 





Fig. 2. Comparison of chlorine lines from isotopic sources. The upper strip shows 
echelon spectra of the chlorine samples, the atomic weight of which is given at the right. 
Three of the lines which gave the best measurements are marked above; two of them 
appear in two orders. The green and yellow lines of mercury were here superimposed to 
furnish reference lines. Most of the measurements in this region were made from the 
satellite —6 of the green line. A prism spectrum of the chlorine lines in this region is 
shown in the lower strip, and the wave-lengths are roughly indicated by the scale. 


The lines \A5078 and 4133, however, could be measured accurately and 
the results for each appeared to be equally distributed about zero. No 
difference in the character of the lines, or in their telative intensities, 
could be found on any of the plates. 

A further increase in the precision of the measurements would be 
necessary if conclusions are to be drawn from the numerical values of the 
shifts. This would require a low-temperature source to decrease the 
intrinsic width of the lines. The spectra of the mercury isotopes deserve 
further study: it would be of great value’ to compare the lines with 
instruments capable of resolving the closer components, and to carry 
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out more accurate photometric measurements of the intensities of the 
satellities in these isotopic samples. The separation for mercury obtained 
by Harkins and his collaborators is almost twice that hitherto reported, 
while that achieved for chlorine (one part in 365 of the atomic weight), 
is by far the largest relative change that has been given for any element. 
Unless new methods of separation are devised, it seems improbable that 
material much better than that used for the present investigation will 
be available for some time. 

The writer wishes to express his indebtedness to Professor Harkins, 
who kindly furnished the isotopic chlorine and mercury for this work, 
and to Professor H. B. Lemon, who made many valuable suggestions 
during its progress. The experiments were carried out in the Chemistry 
and Physics departments of the University of Chicago. 

JEFFERSON PHysICAL LABORATORY, 


HARVARD UNIVERSITY. 
August 20, 1926. 
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THE QUANTUM ANALYSIS OF THE BAND SPECTRUM OF 
ALUMINUM OXIDE (A5200-A4650) 


By WiLt1AM C. PoMEROY 


ABSTRACT 


Frequencies of lines in band spectrum of AlO.—The spectrograms were 
taken by R. T. Birge, using a new form of aluminum arc of his design. A table 
of frequencies of all measured lines is given, extending over ranges of 135, 70 and 
65 lines of both branches of the (0,0), (0,1) and (1,0) bands respectively. No 
perturbations were observed within the range of measurement. Complete 
numerical formulas expressing the frequencies of all individual band lines 
within the range of measurement are given. The doublet separations are found 
to agree in bands of the same final vibration state. Numerical formulas for the 
doublet separation are given, in which the coefficients are consistent with the 
theory applied to the mean of doublet components. 

Quantum analysis of the band spectrum of AlO.—A new method of locat- 
ing band origins and verifying the combination principle is given, which applies 
particularly to bands in which no perturbations are observed. The method 
is direct and considers every possible choice of origins. The combination 
principle is verified for these bands over a range of 50 consecutive lines. 
Expressing the molecular energy terms due to vibration and rotation by 
E=E"+ F=E"*+B,m'‘+D,m'‘+ F,m'+H,m*+ --- the coefficients are evalu- 
ated for the vibration states nm =0 and nm =1, by a method suggested by Kemble. 
The coefficients are consistent with their theoretical relations, involving the 
vibration frequency, as deduced by Kratzer, Kemble and Birge. Further, the 
coefficients are used to evaluate sets of rotational energy terms by means of 
which the frequencies of all lines within the range of measurement are repre- 
sented well within the limits of experimental error. The numerical formulas 
for the frequencies of band lines are therefore of theoretical significance rather 
than purely empirical. 

Molecular constants of the AlO molecule.—The moments of inertia of the 
AlO molecule for infinitely small vibration are found to be (46.02 + 0.02) x 10-*° 
and (43.38 +0.02) X10 gm cm? for the initial and final states respectively, 
and the corresponding distances of nuclear separation, 1.665 X10-* and 1.617 
X10-§ cm. The constants of an assumed law of force of the form F = K,(r —ro) 
+K2(r—ro)*+K3(r—ro)'+ +++ are evaluated. Expressions for Kz and K; 
are new and are due to Birge. 


INTRODUCTION 


HIS paper' is concerned with a detailed analysis of the (0,0)(A4842), 
(0,1)(A5079), and (1,0)(A4648) bands? of AlO according to the 


Preliminary results of this work have been reported to the American Physical 
Society in the following abstracts: W. C. Pomeroy and R. T. Birge, Phys. Rev. 27, 
107 (1926) (Abstract 21). William C. Pomeroy, Phys. Rev. 27, 640 (1926) (Abstract 11). 

* Bands are designated (n’, n’’) where n’ and n” are the vibration quantum numbers 
of the initial and final states respectively, in emission. 
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quantum theory*® and the testing of recently developed theoretical 
relations by which the elements of the rotational energy terms are con- 
nected with vibrational energy constants. These relations permit the 
representation of long band series by functions which are of theoretical 
significance rather than purely empirical.’ 

These bands, the so-called aluminum bands of the blue and green, 
are degraded to the red. As will appear from the detailed discussion to 
follow, they have no Q branch and the P and R branches consist of 
doublets of the violet cyanogen type. The variation of doublet separation 
with the rotation quantum number, R, is nearly linear to about k = 100.5, 
actually increasing somewhat more rapidly than k. The departure of 
the frequencies of lines from a second degree law of variation is im- 
mediately apparent from the fact that the lines of one branch shift with 
respect to those of the other branch, overlap, and finally cross over, 
this occurring twice within the measured range of the (0,0) band. This 
crossing, which is unique in band spectra, was first recognized by Birge 
and is illustrated by the numbering of the P and R lines in the accom- 
panying spectrograms, Fig. 1. The assignment of vibration quantum 
numbers to these bands was made independently by Birge® and by 
Mecke.® 

Beginning with the work of Thalen (1866), Mérikofer’ has given a 
brief but complete review of the studies of the band spectra of aluminum 
up to the year 1924. For the most part these are concerned either with 
the representation of band edges only, or with the question as to whether 
it is the metal or the oxide which is responsible for the band emission. 
In a recent comparison of emitters of band spectra, Mulliken,* using the 
results of the present work together with other data, has shown con- 
clusively that these bands are due to the oxide, AlO. 

As early as 1891, Hasselberg® had measured the wave-lengths of about 
3000 lines in the band spectrum of aluminum, photographed with the 
aid of a plane grating. These are tabulated by Watts in his “Index of 

* A brief account of the quantum theory of band spectra is contained in Sommerfeld, 
‘“‘Atombau und Spectrallinien,”’ 4th edition, Ch. 9. A detailed account is given in the 
recent report of the National Research Council on ‘Molecular Spectra in Gases’’ (in 
press). The manuscript of this report was rendered available to the writer through the 
kindness of R. T. Birge, one of its co-authors. The nomenclature of the report has been 
adopted throughout this paper. 

‘ With reference to the empirical representation of long band series, see R. T. Birge, 
Astrophys. J. 46, 85 (1917); Phys. Rev. 13, 360 (1919). 

5 R. T. Birge, Phys. Rev. 25, 240 (1925) (Abstract 21). 

® R. Mecke, Phys. Zeits. 26, 217 (1925). 

7 W. Mirikofer, Dissertation, Basel (1925). 


8 R. S. Mulliken, Phys. Rev. 26, 561 (1925). 
* B. Hasselberg, Svensk. Vet. Akad. Handl. N. F. 24, Nr. 15 (1891). 
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Spectra.” Later, Lauwartz,'® using a concave grating, photographed the 
bands and made an analysis of structure lines with the object of testing 
Deslandres’ law on long band series. He measured the wave-lengths of 
four bands designated after Hasselberg as A(A4471), B(A4648), C(A4842) 
and D(A5079) and represented the frequencies of the lines of each band 
by four series which we now recognize as the separate components of the 
doublets of the R and P branches" respectively. In each series, for three 
arbitrary lines, he evaluated the constants a and b and the parameter n 
in the formula 

1/A=a+bn? (1) 
and calculated the frequencies of all lines in the series. Having compared 
observed and calculated frequencies, he concluded that Deslandres’ law 
holds within the limits of experimental error only to 50 or 60 lines from 
the head of the band.” 


sw ee 53 55 51 59 61 63 65 OT & Ti 15 1 7 179 6 
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Fig. 1. Spectrograms of a portion of the band spectrum of AlO. The numerals 
attached to the (0,0) band indicate the quantum number of the final state corresponding 
to each doublet. The complete overlapping of Py and Ry is clearly apparent. 


Recently Eriksson and Hulthén™ have published some results of their 
analysis of these bands which are not in agreement with those of the 


10 J. Lauwartz, Zeit. f. wiss. Phot. 1, 160 (1903). 

" According to Deslandres’ formulation, there are two series starting at the head 
of a band. The first of these—Lauwartz’ C;C, (in the case of the \4842 band)—includes 
not only all of the P branch, but also that portion of the R branch between the head 
and the origin. The other series—Lauwartz’ C,C.—includes the remaining portion of 
the R branch. However, at a point about 50 lines from the head, where the C,C2 series 
actually crosses the C;C,, Lauwartz failed to recognize the crossing, hence from this 
point to the red, his CiC2, instead of being the R branch, is actually the P branch, 
with a similar error for the series C3C;. 

® It is of interest to note here that, according to the results of this paper, the assump- 
tion of a second degree law of variation leads to an error of about 24 cm™ in the fre- 
quencies of lines which are about 160 lines distant from the head of the (0,0) band. 

8 Eriksson and Hulthén, Zeits. f. Physik 34, 775 (1925). 
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writer. Their location of origins is based upon data which allow a 
verification of the combination principle only for the final states, and 
leads to an assignment of rotational quantum numbers which causes the 
doublet separation to exhibit a marked discontinuity at the origin, while 
the writer finds no evidence of such a discontinuity. The present assign- 
ment of rotation quantum numbers is based upon a complete verification 
of the combination principle and the exclusion of all other possibilities 
of assignment, which facts should establish its correctness. The satellite 
system observed on their spectrograms does not appear on those measured 
by the writer, possibly because of differences in conditions of excitation. 


THE SPECTROGRAMS AND THEIR MEASUREMENT 


The following analysis is based upon the writer’s measurements of 
spectrograms taken by R. T. Birge in 1915 in the second order of the 
21 foot concave grating of the University of Wisconsin with a dispersion 
of about 1.33A per mm. As a source of emission, Birge devised a new 
form of aluminum arc, the lower electrode (anode) consisting of a 1/2 in. 
carbon rod into which short lengths of 1/8 in. aluminum rod were in- 
serted so as to project about 1/2 in. above the end of the carbon. A solid 
1/2 in. carbon rod served as the cathode. The arc was operated at 160 
volts and with as high a value of current as was possible without causing 
the aluminum to collapse (about 9 amps.). The discharge from the 
cathode was confined to the aluminum tip of the anode rendering it in 
the spheroidal state as in the Pfund iron arc. The spectrograms, which 
contained considerably more data than had previously been obtained, 
were measured with the 200 mm comparator purchased by Professor 
Birge through the generosity of the Rumford Fund Committee. The 
standards of wave-length used were those of Meggers, Kiess and Burns." 
Both components of each doublet line were measured at least twice, in 
most cases on different spectrograms. For each doublet, the wave- 
lengths of the separate components, their difference and mean value were 
calculated. Each difference and mean was converted to wave numbers 
(cm~') and corrected to vacuum. Results for the most part should be 
accurate within 0.005A (0.02 cm~') or better for distinct lines. All series 
relations are based upon the mean of frequencies of the doublet com- 
ponents, the values of which are tabulated in Tables I, II and III. 
While it was expected that small irregularities in successive differences 
of frequencies would occur, none were observed which could be classed as 
perturbations, a fact which is quite significant. 


4 Meggers, Kiess and Burns, ‘‘Redetermination of Secondary Standards of Wave- 
Length from the New International Arc,” Bull. Bur. Stan. 19, 263 (1924). 
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VERIFICATION OF THE COMBINATION PRINCIPLE 


In addition to the fact that no perturbations were observed within 
the range of measurement, the band lines faded out toward the origin 
to such an extent that the establishment of the origins by the usual 
criterion of missing lines was impossible. Their approximate locations 
were determined, however, by a visual examination of enlargements of 
spectrograms, bearing in mind that the intensities of lines of the R and P 
branches should be roughly symmetrical with respect to the origin. The 
method adopted for considering every possible choice of origins may be 
readily understood with reference to the following representation of the 
combination principle which is taken from the report of the National 
Research Council.® 


Rj=F j41—F (2) 
Pj=F j1—-F (3) 

Rj— Pj=F j41—F j= 2AF (4) 
Rj— Pis2=F jns—F j= 2OF p21 (5) 


R and P represent the frequencies of lines, the subscript referring to the 
final state in emission. F’ and F”’ are the initial and final rotational 
energy “term” values respectively, the functional form of which will be 
discussed later. 7 is an integer, the meaning of which is explained by the 
following considerations of nomenclature: according to experimental 
results which will be discussed later, the nuclear angular momentum, m, 
has been shown to have very nearly half integral values. If the resultant 
angular momentum is parallel with the nuclear, i.e., the electrons have 
no angular momentum about the figure axis, we write m=j—e=k—a. 
Now, it is uncertain whether the resultant angular momentum is an 
integer (j) or a half integer (k). If the former, the electronic momentum 
¢(=j—™m) is for these bands essentially 0.5, and if the latter, the electronic 
momentum a(=k—m) is essentially zero. The adoption of the integer 
j(=k+4) leads to the condition that missing lines correspond to j’=0, 
or j’’=0. 

Eqs. (2) and (3) may be regarded as defining the lines of the R and P 
branches of the band. 2AF’ and 2AF”’ represent changes in the rotational 
term values for a change of two units in j, and may be termed “com- 
bination differences.” According to the combination principle, all bands 
having the same initial vibration state should yield sets of values of 
24 F’ which are numerically identical and similarly, all bands having the 
same final vibration state should give like sets of values of 2AF’’. The 
problem then consists in assigning values of j to the lines of the three 
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bands such that the combination differences defined by Eqs. (4) and (5) 
will give the required agreement. 

The following is a direct method by which every possible assignment 
of origins (or values of 7) may be considered. Having arbitrarily desig- 
nated each line by its numbering from the head, for each band an array 
of differences was constructed of the following form: 

R, —P, R, —Pisi R, —Pie 
Rsii—P Roi Prey Rei— Prise 
Rsio—P: Reio— Pegi Rsi2— Prise 


and each diagonal of each array was arbitrarily numbered. The form of 





60 T 


3 


Number 


Ww 
o 


io) 
© 


rr) 
5 
‘On 
9g 
a 
> 
G 
he) 
t& 
= 
a 
& 
< 


iS 








l | 
% l 





a 2 4 
Slope” of Diagonal (cm) 


Fig. 2. Graphical construction employed in a direct verification of the combination 
principle. 


each diagonal indicates that it represents a possible set of combination 
differences. The problem thus reduces to finding four diagonals which 
agree in pairs, two for the initial state and two for the final state. Now, 
suppose that a particular diagonal numbered 6 represents a set of values 
of R;—P;. Then a set of values of R;— Pj12 is given by the diagonal b+2. 
Thus, according to Eqs. (4) and (5), we must find a diagonal a of the (0,1) 
array which agrees with diagonal b of the (0,0) array (same initial vibra- 
tion state), and a diagonal c of the (1,0) array which agrees with diagonal 
b+2 of the (0,0) array (same final vibration state). The process of finding 
the particular set of diagonals which gave agreement was greatly facili- 
tated by plotting for each array the “slope” of diagonals (average of 
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approximately constant first differences) as a function of the arbitrary 
numbering. These slope curves were practically straight lines as shown 
in Fig. 2. Now, it is quite obvious that a pair of diagonals whose elements 
agree throughout must have the same slope, hence we examine the slope 
curves systematically and note every set of four diagonals for which 
the slopes agree in pairs, the two diagonals of the (0,0) array differing 
by two in numbering. Two such sets are indicated in the figure. We now 
refer back to the diagonals of the arrays by number and find that but one 
of these sets of four (in this case a, b, and c= 46, 40, and 37 respectively) 
gives agreement of absolute values of the elements of the diagonals. 
The combination principle is thus verified and the values of 7 determined 
to the exclusion of all other possibilities of assignment. 

Having verified the combination principle and determined the com- 
bination differences, it is required to assign values of j to these differences 
and to the lines which were combined to give them. The approximate 
expression for any combination difference is 

2AF=4Bm — (6) 
and its rate of change with m is 4B, the diagonal slope mentioned above. 
The experimentally determined values of m(=2AF/4B) are found to 
form a set of approximate half integers and each m is increased by 
approximately § to give the integral 7 which designates the corresponding 
2AF. Eq. (4) indicates that the value of 7 which designates each 2AF’ 
also applies to the corresponding R and P lines while Eq. (5) indicates 
that the value of 7 which designates each 2AF”’ is to be diminished by 1 
and increased by 1 to give the values of j which apply to the corresponding 
Rand P lines respectively. 

Tables I, II and III, arranged with j as argument, give the values of the 
frequencies of all measured lines (mean of doublet components corrected 
to vacuum) and the combination differences. The agreement between 
the values of R;—P; for the (0,0) and the (0,1) bands and between the 
values of R;—Pj2 for the (0,0) and the (1,0) bands, indicates the ac- 
curacy with which the combination principle is verified. 

% See Eq. (20) below. 


TABLE I 
Frequencies and combination differences of all measured lines of the (0, 0) band 


Rj P; R,—P; Ry—P ya] J Rj P; R,—P; Ri— Pins 








J 

6 

7 20626 .53 20615 .14 
8 24.82 12.98 
9 23.04 10.74 
10 21.18 08.46 
11 19.24 06.11 
12 17.24 03 .67 
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TABLE I—Continued 
Frequencies and combination differences of all measured lines of the (0, 0) band 


P; Ri—P; Ri—Pis2) fj Rj Pi = Ry-P; Ri—Pis: 


.14 81 20590.80 20301.86 188.94 203.28 
.54 82 85.92 294.74 191.18 205.71 
.88 80.92 .52 193.40 208.08 
75.84 .21 195.63 210.43 
70.68 .84 197.84 212.80 
65.44 .41 200.03 215.16 
.88 202.24 217.50 
54. .28 204.43 219.81 
49. .62 206.63 222.18 
208.78 224.51 
211.02 226.89 
213.19 229. 
215.38 231. 
217.54 233. 
219.66 236. 
221.85 238. 
223.97 240. 
226.15 243. 
228.28 245. 
230.41 247. 
232.60 249. 
234.70 252. 
236.80 254. 
238.92 256. 
241.03 258. 
243.15 261. 
245.29 263. 
247.33 265. 
249.41 267. 
251.47 270. 
253.57 272. 
255.68 274. 
257.75 276. 
259.80 279. 
261.81 281. 
263.87 283. 
265.89 285. 
267.88 287. 
269.94 289. 
271.96 292. 
273.96 294. 
275.98 - 296. 
277.96 298. 
279. 
281. 
283. 
285. 
287. 
289. 
291. 
293. 
295. 
297. 
299. 
301. 
é . 31 303. 
188.97 ‘ 1S 305. 
.79 191.41 ’ .92 307. 
180.00 193.80 | 139 ‘ -62 309.02 . 
-89 182.25 196.17} 140 65. .24 310.93 333.85 
15.95 184.50 198.59 | 141 
08.97 186.68 200.91 | 142 


*Band lines obscured by heads of other bands. Frequencies obtained by interpolation. 
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Representation of the structure lines of the bands. Let it now be required 
to formulate expressions for the frequencies of band lines on a definite 
theoretical basis. The theory which has been applied in this analysis 
has been outlined by Birge and further details are contained in the 
report of the National Research Council.’ The following account is 
intended as an explanation of the method of analysis used by the writer, 
rather than as a development of the theory. 


TABLE II 
Frequencies and combination differences of all measured lines of the (0,1) band 





R; P; R;—P;Ri—Pis2 | j R; P; Rj—P; Ri—Piss 


41 19668.20 19571.33 96.87 104.37 

66.85 67.60 99.25 106.85 

19659 .68 65.43 101. 109.33 
58.00 63.94 . 103. 111. 
56.21 . -10 106. 114. 
54.40 " -11 108. 116. 
$2.52 . .06 111. 119. 
50.60 : -96 113. 121. 
48. . -81 115. 124. 
46. . 59 118. 126. 
44. ; .30 120. 129. 
42. : .99 122. 131. 
39. ; : 125. 134. 
37. . , 127. 136. 

129. 138. 

132. 141. 

134. 143. 

136. 146. 

138. 148. 

: . . 141. 151. 

19681 .01 ; 61.23 66.89 . : 143. 153. 

7 80.61 , 63.65 69.40 ° : 145. 155.98 
80.14 . 66.02 71.92 : ; 148. 158.42 
79.61 . 68.40 74.44 . , 150. 160.81 
79.02 . 70.80 76.94 : : 152. 163.25 
78.37 ‘ 73.20 79.46 : : 155. 165 .67 
77.63 a 75.55 81.95 ; ° 157. 168.10 
76.82 ‘ 77.91 84.44 ° ‘ 159. 170.50 
75.96 ; 80.29 86.94 ° : 161. 172.92 
75.05 ; 82.67 89.44 ° . 164. 175.32 
74.06 , 85.04 91.91 ; : 166. 177.67 
73.04 , 87.43 94.44 , ‘ 168. 180.09 
71.91 ° 89.76 96.91 : ° 170. 182.47 
70.74 ° 92.14 99.41 . ‘ 173. 

69.50 , 94.50 101.90 ‘ : 175. 











We assume the molecular energy “terms” due to vibration and rotation 
to be given by?’ 
E= E*+F=E"+B,m?+D,m'+Fm'+Hym*+ ++ - (7) 
where m=j—e=k—a. 
* R. T. Birge, Nature 116, 783 (1925); Phys. Rev. 27, 245 (1926). 


7 For convenience we use the value of the energy “‘term” which is defined as energy 
in ergs divided by ch and is therefore measured in cm. 
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Kemble,'* using only the first three terms of the right member of 
Eq. (7) has considered in some detail the dependence of E*, B, and D, 
upon the value of the vibration quantum number, 2, and the resulting 
relations between rotational and vibrational energy. The relations are 
much simplified by considering the special case of the non-vibrating 
molecule, i.e., 2 =0, for which the molecular energy, neglecting electronic, 
is entirely rotational and is given by 


F = Byn?+Dym'+Fom'+Hom'+ - - - (8) 
TABLE III 
Frequencies and combination differences of all measured lines of the (1,0) band 





Rj P; Ry—Pj Ri—Pise | 7 Ri Pi Ry—-P;j Ri—Piss 


46 21467.56 21359.71 107.85 117.89 
7 64.93 54.73 110.20 120.38 
62.19 49.67 112.52 122.85 
59.37 44.55 114.82 125.34 
56.49 39.34 117.15 127.84 
53.49 34.03 119.46 130.28 
50.44 28.65 121.79 132.79 
47.30 . 135.29 
44.05 ‘ . 137.76 
40.72 ‘ ‘ 140.22 
37.32 : . 142.72 
33.83 . 133. 145.15 
30.26 : 135. 147.64 
21462 .88 . ‘ : 150.08 
60.13 ‘ ‘ 140. 152.54 
57.29 ‘ ; ° 154.98 
2 54.36 ‘ . . 157.42 
21505 .00 $1.35 53.65 ‘ ; 147.07 159.87 
04.31 48.25 56.06 ; ‘ ° 149.36 162.32 
03.49 45.08 58.41 ‘ 5 . ‘ 151.61 
02.62 41.84 60.78 ‘ : ; 153.86 
01.69 38.52 63.17 ; ‘ . 156.15 
00.65 35.11 65.54 . . ‘ 158.44 
499.53 31.63 67.90 ° . ‘ 160.72 
* 98.32 ‘ 70.26 ; . ‘ 162. 
97.02 ‘ 72.61 ° : . 165. 
95.65 ° 74.98 ; 71.22 ° 167. 
94.19 ‘ 77.35 ‘ 66.34 169.75 
92.64 ‘ 79.69 ° 61.40 ‘ 171.99 
91.02 ‘ 82.04 ° 56.34 ; 174.19 
89.32 ° 84.41 ° 51.21 ‘ 176.42 
87.53 . 86.78 ; 46.00 ° 178.65 
85 .63 ‘ 89.11 ‘ 40.70 59.81 180.89 
83.71 : 91.50 ° 35.31 52.19 183.12 
81.65 ° 93.82 ‘ 29.83 44.51 185. 
79.50 ° 96.13 ’ 24.26 36.74 187.52 
77.29 ° 98.49 ‘ 18.60 28.90 189.70 
74.97 74.16 100.81 . 12.87 20.93 191.94 
72.59 69.45 103.14 ‘ 07 .06 12.91 194.15 
70.12 64.62 105.50 . 04.80 











*Band lines obscured by heads of other bands. Frequencies obtained by inter- 
polation. 


18 E. C. Kemble, J.0.S.A. 12, 1 (1926). 
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For this condition, Do, Fy and Hy have been evaluated in terms of other 
constants as follows: 


Do= —4Bo?/w* (9) 
Fo= (2—aw°/6.Bo")Do?/ Bo (10) 
Ho=3F oDo/ Bo— 5D¢°/ Bo? +-F 0?/Do— 8D o2x/ 3w® (11) 


Eq. (9) was obtained by Kratzer,!® Kemble" and others while Eqs. (10) 
and (11) were first obtained by Birge.'® w® and x have the same meaning 
as in Kratzer’s equations!® 


w"=w(1—2xn+ -- -) (12) 
E*=nw(1—xn+ -- -) (13) 


i.e., w° is the vibration frequency for infinitely small amplitude expressed 
in cm~! and 2w°x is its initial rate of change with the vibration quantum 
number, ”. From Eq. (13) it follows that 


E*+}— E*=w°— (n+4)2w°x (14) 


Eq. (14) states that the difference of two adjacent vibration terms yields 
a frequency equal to the mean of the corresponding vibration fre- 
quencies.2° We are thus enabled by extrapolation to determine the 
vibration frequency for the zero state, i.e., w°. Values of w® and wx for 
these bands have been calculated by Birge (unpublished), using fre- 
quencies of band heads as vibration terms. The final analysis indicates, 
however, that the separation of band heads is in only approximate 
agreement with the separation of origins, hence these values are not 
exact. 

As just noted, Eqs. (9), (10) and (11) apply only to the zero vibration 
state. For higher states, Kemble’s formulas may be written 


B,=Bo—an (15) 


Dn=DotB''n (16) 
thus defining 
a=Bo—B, (17) 


B” =D:—Do (18) 


& is required” for the evaluation of Fy in Eq. (10). B’’ has been evaluated 
by the writer from Kemble’s formulas as 


BY = (2—4H oBo?/Do? + 9BoF 02/2Do)12Bot/w (19) 


1# A. Kratzer, Zeit. f. Physik 3, 289 (1920). 

20 This is of course only a particular instance of the so-called correspondence theorem. 

1 Kratzer’s a will be designated @ as defined by Eq. (17) and is not to be confused 
with the electronic momentum, a, previously defined. 
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Expressions for F, and H, for the higher vibration states have not yet 
been derived. For the present purpose, however, it is sufficient to assume 
that F,= Fy) and that H,=HAb. 

Now, Eqs. (4) and (5) indicate the well known fact that the experi- 
mental data lead to the direct evaluation, not of F, but of 2AF, i.e., of the 
variation of F for a variation of two units in j. If € (or a) is a constant, 
as will be assumed for the present, dF/dm and dF/dj are identical and 
it may easily be shown” that the values of 2AF/2 differ from dF/dm by 
negligible amounts. Hence we obtain from Eq. (7) 


2dF /dm=2AF =4B,m+8D,m?+12F,m'+16H,m’+--- (20) 


and 
AF/m=2B,,+4D,m?+6F,m*+8H ,m*>+ tee (21) 


The immediate problem to be solved may now be more definitely 
stated in terms of the above formulas. In Tables I, II andIII are tabulated 
four sets of values of 2A F, two for the zero vibration state (initial and final 
molecular configuration respectively), and two for the vibration state, 
n=1. It is required to determine the four corresponding sets of co- 
efficients in Eq. (7) yielding four sets of rotational energy terms, com- 
binations of which will accurately represent the observed lines of the 
(0,0), (0,1) and (1,0) bands respectively. Further, it is required to com- 
pare the relations among calculated coefficients with the theoretical 
relations given by Eqs. (9), (10) and (11). The problem is largely a 
matter of the best method of handling the data, taking into account 
the amount of labor required and the accuracy of the final results. The 
method used herein is a combination of the methods of successive approxi- 
mation and least squares and will be described in some detail. 

With reference to Eq. (21) it may be noted that the left member may 
not be evaluated accurately until € (or a) is known. Preliminary analysis 
shows, however, that in the case of bands such as the violet cyanogen 
bands or those discussed in this paper, the value of a is either zero or is 
very small. Hence, to a close approximation, m may be replaced by k.* 

Using the four sets of values of 2AF tabulated in Tables I, II and III, 
values of AF/k were calculated and each AF/k was plotted as a function of 
k. Omitting the last two terms of Eq. (21) asa first approximation, values 
of B and D for each of the four cases were calculated from two suitable 
points on the AF/k :k curve. For the zero state, values of By and Do 
thus determined and combined with the previously calculated values of 
w® satisfied Eq. (9) within a fraction of a percent. Having determined 


2 Report of National Research Council, Ch. IV, Eq. (78). 
23 More accurately, AF/k=2B,—2Bna/k+4Dnk?+6Fnrkt+ +--+ - 
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fairly accurate values of By and Do, we calculate approximate values of 
F, and Hp» from Eqs. (10) and (11). @ may be taken as the difference 
between By and B, as obtained from the AF/k :k curves, or may be 
found analytically from the approximate relation deduced from Eq. (21), 
with m replaced by k: 


AF o/ k—AF 1/ k = 2&—16Bo®k?(1/w — 1/w"*) (22) 


Following Kemble’s suggestion,'® we now transform Eq. (20) as 


2AF* = 2AF —8D,m*—12F ,m>—16H,m™— - - - (23) 
=4B,m (24) 
=4B,(k—a) , (25) 


Now, as just noted, m=k approximately, and D,, F, and H, are small 
quantities compared to B,. Therefore it is entirely legitimate to replace 
the unknown m by the known in the third and higher degree terms of 
Eq. (23). By this substitution, a set of numerical values of 2AF* is 
obtained which should be linear in k provided that D,, F, and H, are 
known with sufficient accuracy and @ is constant. The outstanding 
feature of this method of solution is the transformation of the higher 
degree 2AF :k curve into the linear 2AF* :k curve. This permits the 
use of all of the experimental data in the evaluation of 4B as the constant 
slope of the linear 2AF* :k curve as compared with the extrapolation 
of the lower end of the non-linear 2AF :k curve to determine 4B as 
its limiting slope for k=0. 

The following procedure is carried out for both the initial and final 
states respectively. Considering first the zero vibration state, values of 
2A F* were calculated by Eq. (23) using the observed values of 2AF and 
the values of Dy, Fy and Ho given by Eqs. (9), (10) and (11). In these 
equations the value of By determined from the AF/k : k curve was used. 
The resulting set of Eqs. (25) considered as linear in k was solved by 
least squares, giving a better value of By and also a value of a. Should 
the new value of By differ sufficiently from its first approximation to 
affect Do, Fo, and H» materially, a second solution is necessary. It may 
be mentioned here that the greatest obstacle to accuracy is the lack of 
trustworthy values of vibration frequency since we must resort to 
Eq. (9) in order to improve upon the values of Do obtained from the 
AF/k :k curves. Unfortunately an accurate.set of vibration frequencies 
may be obtained only from an extended fine structure analysis which will 
determine a relatively large number of band origins rather closely. A set 
of values of 2AF* is now calculated by Eq. (25), using the results of the 
least squares solution, and the linearity of “observed” values is tested 
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by plotting differences of observed and calculated values of 2AF*. Any 
appreciable trend in the residuals is to be corrected by an adjustment 
of coefficients. 

Turning now to the vibration state »=1, we note that 8’’ may be 
calculated from Eq. (19), knowing the values of the coefficients Bo, Do, 
Fy, and Ho. The resulting value of D,; may be compared with that obtained 
from the AF/k : k curve for the state »=1. It was assumed that F,= Fp 
* and H,=H), the error introduced being negligible since the contribution 
of these terms to the rotational energy is small within the range of 
measurement of the (1,0) and (0,1) bands. Values of 2AF* for n=1 are 
then calculated and the equations solved as described above. 

Having evaluated the four sets of coefficients B, D, F and H, we cal- 
culate the four corresponding sets of rotational energy terms and the 
six sets of differences to be used in the representation of the six sets of 
lines, i.e., the P and R lines of the three measured bands. For each band, 
we write 

Ry = vot Bn — By! (26) 

Pim vet Fi — FY (27) 
where vp is the frequency of the origin of the band. The calculated value 
of vo for each of the three bands, using in Eqs. (26) and (27) the observed 
frequencies of lines and the calculated values of the rotational energy 
terms, should be constant throughout the range of measurement. As a 
matter of fact, although the variations were not large, they exceeded 
the limits of experimental error as might be expected from the fact that 
we are virtually building up a function from the values of successive 
differences. 

This difficulty, however, may be overcome as follows: for each band, 
the differences between calculated values of vp and an arbitrary constant 
(conveniently, a round number approximating the average) were plotted 
as a function of k, giving a curve of residuals with ordinates, Av, ranging 
within a few tenths of acm. Each residual curve was expressed analyti- 
cally by passing a curve through six arbitrary points to satisfy an equa- 
tion of the form 

Av=A-+ak+bk?+dki+fko+hk> - (28) 


The coefficients in the above equation give the corrections to be applied 
to the differences of corresponding coefficients of the rotational energy 
terms which are concerned. For example, D of the (0,0) residual curve is 
the correction to be applied to the difference (By’—By’’). From the 
(0,1) and (1,0) curves we obtain the corrections to (By’—B,'’) and 
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(B,’—B,’’) respectively. Having three correction equations containing 
the four unknowns, By’, By’’, B,’, and B,’’, there remains an element of 
arbitrariness in fixing the correction to each value of B. Similarly, for 
each of the sets of coefficients, D, F and H, we write three correction 
equations. In every case the corrections were small and were adjusted in 
such a manner that the final results satisfied Eqs. (9), (10) and (11) as 
nearly as possible. 

It may be emphasized here that since the frequencies of long band 
series may be satisfactorily represented by a number of arbitrarily chosen 
forms of polynomial, the problem is not to find the form of function 
which best represents the band lines but rather to determine whether or 
not the lines of the bands can be represented accurately by means of 
rotational energy terms of the form of Eq. (8) in which the coefficients 
satisfy Eqs. (9), (10) and (11). 

The final values of calculated coefficients follow: 


Bo’ =0.60190 cm=! Do’ = —1.1630X 10-6 cm! 
Bo’ = 0.63860 Do" = —1.1094X 10-* 
By’ =0.59737 D,’= —1.1571X10-* 
B,"” =0.63285 D,""= —1.1181X10-° 


ao’ = +0.0074 Fo’ =F,'= +0.440X10-” cm! 
ao’ = +0.0100 Fo” =F," = —0.530X10-” 
a;’= +0.0050 H,'=H,'= 0.0 

a’ = +0.0132 Hy” =H," =—5.2X10-* 


&’ = Bo’ — By’ = +0.00453 cm 
a” = Bo” — By’ = +0.00575 


As a final test of the accuracy with which the frequencies of the lines 
of each band were represented with the use of the above coefficients, the 
four sets.of rotational energy terms and the six sets of differences to be 
used in Eqs. (26) and (27) were recalculated. For each band, the appro- 
priate differences were combined with the observational data of Tables I, 
II and III and in every case yielded a set of values of vp which was con- 
stant within the limits of experimental error throughout the range of 
measurement. This fact was indicated by constructing for each band a 
table of differences between calculated and most probable values of vo 
(not reproduced in this paper). These residuals showed no systematic 
trend and in every case the average of the absolute values was less than 
0.02 cm (0.005A) and very few exceeded 0.04 cm=! (0.01A). The most 
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probable value of vp was arbitrarily taken as its average from 7 =30 to 
j=70 thus avoiding the less reliable observational data for the smaller 
values of j and the less accurate values of the rotational energy terms 
for the larger values of j. 

It is interesting to note the rather unusual occurrence of the coincidence 
of a band line with the origin. It was found that for the (1,0) band, the 
frequency of the line Rgo is the same as that of the origin. In the case of 
the (0,1) band, one component of the line Ry very nearly coincides in 
position with the origin.2* In such instances as these, the recognition 
of missing lines is difficult if not impossible. 

Agreement of coefficients with theoretical relations. From Eq. (9), we find 


w= V —4By/Do (29) 


The determination of w® from the final calculated coefficients gives 
w” = 866 cm w”’ =969 cm— 


whereas Birge, using frequencies of band heads as vibration terms has 
calculated 


w”’ = 866 cm-! w”’ =970 cm=! 


While this agreement is very close, it appears from the meager data 
available that these frequencies would be slightly higher if calculated 
from the frequencies of origins (see Eq. (36) ahead). 

Substitution of the final calculated coefficients in Eq. (10) yields for 
the left members, initial and final states respectively, +0.44010-¥, 
and —0.53010-" and for corresponding right members +0.439 x 10-” 
and —0.534X10-", a very satisfactory agreement. 

The evaluation of the right member of Eq. (11), using Birge’s values 
of w’x’=3.75 and w’’x’’=7.00 gives Ho’=+0.9X10-' and Ay’’= 
—5.2X10-'8 as compared with the finally adopted values of Hy’=0.0 
X 10-8 and H,’’ = —5.2 10-8. In view of the fact that the contribution 
of the term in x is relatively large and that the values of x are rather 
uncertain, we may assume that Eq. (11) is satisfied within the limits of 
experimental error. 

Substitution of the final calculated coefficients in the right member of 
Eq. (18) gives for 8’’, initial and final states respectively, +0.0059 x 10-* 
and —0.0087 X10-*, while the right member of Eq. (19) gives for cor- 
responding values, +0.0055 X10-* and —0.0085 x10-*. Considering the 
uncertainty of the values of Ho, this agreement is quite satisfactory. 

Lastly, Eq. (17) is satisfied exactly by the final calculated coefficients. 


* This statement anticipates the discussion of doublet separation which is to follow. 
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The relatively good agreement indicated in the preceding discussion 
is rather conclusive evidence of the validity of the relations between 
rotational and vibrational constants given by Eqs. (9), (10) and (11), 
at least in the case of the bands discussed in this paper. 

Accuracy of calculated coefficients. From a physical point of view, the 
constants in which we are most interested are a and B since these deter- 
mine the electronic momentum, the moment of inertia and the nuclear 
separation. In the table of final calculated coefficients, a sufficient num- 
ber of significant figures has been indicated to give a mathematically 
consistent evaluation of rotational energy terms to the nearest 0.001 cm 
in order that differences may be given to the nearest 0.01 cm™. It is not 
to be inferred, however, that the coefficients have been determined with 
this degree of accuracy. The probable errors may be estimated on the 
basis of experience in the progressive steps of the calculation. 

The values of By are probably correct within two units in the fourth 
place, an accuracy of 0.03 percent, permitting the evaluation of the 
moment of inertia and nuclear separation with an accuracy exceeding 
that of any previous determination. The accuracy of the former is com- 
parable with that with which Planck’s constant is known, while that of 
the latter is limited primarily by the accuracy with which the relative 
atomic weights of Al and O are known. With regard to a, it is clear that 
a small change in the coefficients of the higher degree terms in 2A F* will 
quite appreciably affect the percent change in the intercept of the 
2AF* :k curve, even though the absolute value of the change may be 
small. Thus, a may be in error by as much as 50 percent. For the 
remaining coefficients, the writer estimates the following accuracy: 
B,, 0.05 percent; Do, 0.25 percent; D,, 0.50 percent; Fo and F;, 5 percent; 
Hy, and Hi, 20 petcent. 

Calculation of molecular constants. The moments of inertia of the AlO 
molecule, for the zero vibration state, calculated from the relation™ 

Io= h/8x*?Boc = 27.70X10-*/ Bo (30) 
are, for the initial and final states respectively 
Io’ = (46.02+ .02) KX 10-* gm cm? 
Io’ = (43.38+ .02) K10-* gm cm? 


The corresponding distances of nuclear separation calculated from the 
relation™ 


ro? =To/p (31) 


* Formulas for moment of inertia and nuclear separation appear in the report of 
the National Research Council, Ch. IV, as Eqs. (134) and (187) respectively. The 
“reduced molecular weight” of the AlO molecule is 10.06 giving a “reduced mass." 

w= 10.06 X 1.650 X 10 = 16.6 X 10-** gm 
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where yp is the “reduced mass’”’ of the molecule, are 
ro’ = 1.665 X10-* cm 
ro’ =1.617X10-* cm 
Calculation of the constants of the iaw of force. The derivation of Eqs. (9), 


(10) and (11) is based upon an assumed law of nuclear force of attraction 
of the form” 


F=K,(r—1r9)+K2(r—ro)?+K3(r—ro)?+ » <4 (32) 


where (r —1o) represents the increase in the distance of nuclear separation. 
Eq. (10) and (11) were derived by Birge?’ by obtaining new expressions 
for Kz and K; in terms of rotational energy constants. Together with 
the previously known expression for K,, these are 


Ky, =—2 hcBo?/ Dore? (33) 
K.= —_ (3Do?— BoF 0) 3K1/2roDo? (34) 
K3= + (18F oBoDo?— 25Do — 9F 0? Bo? +4 pDoBo*) hc Bo?/ro*Do® ~— (35) 


in which all quantities have been defined previously. 
The evaluation of these constants, using the numerical results of this 
analysis, gives for the initial and final states respectively 


K,’=+4.42X 10° dyne cm-! Ky’=+5.55X 105 dyne cm 
K,’=—1.12X10"dynecm-* K,’’=—1.69X10'* dyne cm-# 
K;'=+1.81X10?? dyne cm-* K;'’=+2.60X 107? dyne cm=* 


The doublet separation. Contrary to conditions found in other band 
systems, the doublet separations for the (0,0) and (1,0) bands were found 
to agree, indicating a possible double rotational energy level in the final 
state. This may indicate a relatively stable in’tial state and hence explain 
the absence of perturbations which are usually associated with the initial 
state. The fact that w’x’ is small compared to w°’’x’’ is possible further 
evidence of this conclusion. 

Doublet separations were plotted as a function of k of the final state 
and the agreement for the (0,0) and (1,0) bands is indicated in Fig. 3. 
For the comparatively short range of measurement of the (0,1) band, 
the doublet separation was assumed to be linear, given by the equation 


Av=0.014k (36) 


* The expressions for K,, Kz and K; in terms of vibrational energy constants are 
given in the report of the National Research Council, Ch. IV, as Eqs. (189), (190), and 
(191) respectively, while the corresponding expressions in terms of rotational energy 
constants (here quoted) appear as Eqs. (194), (195), and (196) respectively. 

*7 R. T. Birge, Nature 116, 783 (1925). 
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For the (0,0) and (1,0) bands, it was found that 
Av=0.01162+12X10-*k?—6.210-"'k* (37) 


represented the doublet separation for both the P and the R branches. 
While Ay could have been represented equally well by other polynomials, 
the significance of the above is the fact that the coefficients are com- 
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Fig. 3. Variation of doublet separation with rotation quantum number indicating that 
the doublet separation is a function of the final state. 


patible with the theory applied to the mean of the doublet components. 
That is, we consider the double rotational energy term of the final state 
given by 
Ft-=F+Av/2 
= —2B(aF¥Aa/2)k+(B+AB/2)k?+(D+AD/2) k* 
=(B+AB/2)m?+(D+AD/2)m* (38) - 
where m=k—a+tAa/2. 

If the theory which has been applied to the mean of the doublet com- 
ponents applies to the separate components as well, the relation between 
AD and AB must be, by Ea. (9) 

AD = —12B°AB/w" (39) 
and this relation is satisfied by the coefficients of k* and k? respectively 
in Eq. (37). Obviously, Aa/2 is found by dividing the coefficient of the 
linear term by 4B. 
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Final representation of individual band lines. The calculated fre- 


_ quencies of the respective origins of the three bands are 


(0,0) Band, vp = 20635.27 cm 
(0,1) Band, vp = 19669.75 cm™ (40) 
(1,0) Band, vp = 21498.30 cm 
The frequencies of individual band lines may now be written: 
(0,0) Band Rjt-=20635.27+F' 541 —-F j/- 


n'=0 n''=9Q 


P ;*-=20635. 27 +F’ 5-1 —F" 


n'=y n''=9Q 


(0,1) Band =Rjt-=19669.75-+F" j41—F” 


n'=9 n''=1 


P ;+-=19669. IS+F' ;1—F" j- 


n'=9 n''=1 


(1,0) Band = Rjt~=21498.30+F" j41—F" 


n'=1 n''=Q 


P +> = 21498. 30-+-F" ;_1—F" 


n'=1 n''=9 

The subscripts in Eqs. (41) have been written to conform with Egs. (2) 
and (3), although each F has been evaluated in powers of m. No con- 
fusion should arise, however, if it is understood that the F,, in the 
following expansions in powers of m has the same meaning as F; in 
Eqs. (41), where j is greater than m by approximately one half. 

Using the final calculated coefficients, the rotational energy terms of 
Eqs. (41) become 


F,,’ =0.60190m?—1.1630X 10-®m*+0.440 x 10-12m® 
nite where m= k—0.0074 
F,,''+~ = (0.63860 +6.0X 10-*)m?— (1.1094 10-°+3.110-'!)m* (42) 


n''=0 
= 0.530 10"2m *— 5.2 10-8! 
where m= k—0.01+0.00482 
Fy, =0.59737m?—1.1571X 10-®m*+0.440 x 10-!2m*® 
ida where m= k— .005 
Fn'’+-=0.63285m?— 1.1181 X 10-®m4*— 0.530 10-!2m— 5.2K 10-8m® 


n’'=1 
where m= k—0.0132+0.00553 


In conclusion, the writer wishes to express his deep appreciation of the 
continued interest and helpful advice, throughout the progress of this 
work, of Professor R. T. Birge, who suggested the problem and generously 
placed an excellent set of spectrograms at the writer’s disposal. 


PuysIcaAL LABORATORY, 
UNIVERSITY OF CALIFORNIA. 
August, 1926. 








JANUARY, 1927 PHYSICAL REVIEW VOLUME 29 


OXYGEN BANDS IN THE ULTRA-VIOLET 
By Vivian M. ELLswortu Anp J. J. Hoprigtp 
ABSTRACT 

The formula calculated by Birge for the first negative group of oxygen is 

_ 38308 r_ 12) ne 1 
= 381087 887" 13.4n"*) —(1859.9n"’ —16.53n’"2) 
This is based upon data published by Johnson. The only transition to zero 
final state indicated by those data is the 6-0 and consequently there has been 
some doubt as to whether the first constant of the formula is correct. New 
photographs of this system show additional pairs of bands degraded to the red. 
Some of the new bands have been measured and found to represent the 7-0, 
8-0, 9-0, 10-0, 9-1, 10-1 transitions as given by the formula above. The 
existence of the lowest final state represented by this formula is therefore 
established. The 0-9 band, not previously observed, is also present. Other new 
bands appear further to the ultra-violet. They have the appearance of belong- 
ing to the system, but are too faint to measure. It seems probable that these 
bands will be found to constitute from one to three progressions to still lower 
final states. 


v 


INTRODUCTION 


OUR systems of electronic bands of oxygen are known, two of which 

are due to the normal molecule and two to the ionized. A “system” 
includes all the bands representing a common electronic transition. 
Occurring simultaneously with this are transitions from a series of initial 
vibrational states to a series of final vibrational states, producing as a 
consequence the individual bands of the system. 

Of the two systems due to normal oxygen, one is known in the solar 
spectrum! where it is produced by oxygen absorption in the earth’s 
atmosphere. The other is the system which includes the absorption 
bands first observed by Schumann,? later extended and measured by 
Hopfield and Leifson? and interpreted by Birge.* This system lies in the 
region \A1950-1750. Fiichtbauer and Holm,® in high temperature ab- 
sorption, found other bands which they have interpreted as representing 
higher final states (initial in absorption) in the same system and Mulliken® 
has recently shown that the seven Runge’ bands which appear in emission 

1 Heurlinger, Diss. Lund, S. 42 (1918); Kratzer, Ann. d. Physik 67, 134 (1922). 


? Schumann, Smithsonian Contributions to Knowledge (1903). 

: * Hopfield and Leifson, Phys. Rev. 25, 716 (1925); Leifson, Astrophys. J. 63, 73 
1926). 

* Birge and Sponer, Phys. Rev. 28, 259 (1926); Birge, Nat. Res. Coun., Report on 
Molecular Spectra, Ch. 4, Sec. 7. 

* Fiichtbauer and Holm, Phys. Zeit. 26, 345 (1925). 

* Mulliken, private communication. | 

7 Runge, Physica 1, 254 (1921). 
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in the near ultra-violet (AA3850—2980), are also a part of this system. 
i Since the Schumann bands and the atmospheric bands are both produced 
3 by absorption in cold gas, the initial state (final in emission), must be 
the same for both and must be the normal state of the oxygen molecule. 
The two band systems due to the ionized oxygen molecule are the 
first negative group, in the region AA4400—2000, and the second negative 
group, or Schuster bands, in the visible. The latter are commonly 
| observed in the greenish-yellow glow about the electrode of an oxygen 
Hi discharge tube. 
The first negative group has the peculiar intensity distribution which 
f is not known in any other band systems except those of the 8 bands of 
‘ nitrogen, due to NO, and the iodine bands. In these systems, all the bands 
having low quantum numbers in both the initial and final states are miss- 
ing in emission. (See Table II.) The position of the 0-0 band can be 
located therefore only by extrapolation. It is the position of this band 
which determines the normal level of the ionized oxygen molecule. Bands ) 
of this system were observed and measured by Stark® and later by 
Johnson.® The latter arranged them in Deslandres progressions. We 
Hi! have photographed the same system and find additional members 
which are of importance in locating the position of the 0-0 band. 


APPARATUS 


The discharge tube, constructed of 1 cm Pyrex glass tubing, was of 
the 2-shaped end-on type, the total length being about one meter. The 
oxygen was generated by electrolysis and passed through a phosphorus 
pentoxide drying tube. It entered the discharge tube through a valve at 
one electrode and was exhausted by the necessary pumps at the other. 
This valve was of the torsion capillary type recently developed by 
Hopfield®* for providing a continuous flow of gas. By means of it, unusual 
control of the gas flow into the discharge tube was possible and the 
pressure in the tube could be maintained constant at any desired value. 
Excitation was produced by an alternating current from an 11,500 volt, 
10 kw transformer. 

Two different spectrographs were used for photographing the spectrum. 
The first was a one meter concave grating. The slit, grating, and camera 
box containing the plate-holder were set up on an optical bench and 
properly adjusted for photographing the first order spectrum. The dis- 
charge tube when used with this apparatus, was provided with a quartz 




















* Stark, Ann. d. Physik 43, 319 (1914). 
* Johnson, Proc. Roy. Soc. A105, 683 (1924). 
10 Hopfield, J.0.S.A. 12, 391 (1926). 
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window. Later the discharge tube, without the quartz window, was 
connected directly to a vacuum grating spectrograph of 50 cm focal 
length. The receiver of the spectrograph and the discharge tube were 
exhausted by separate pumping systems. The advantage of this arrange- 
ment of pumps was that the pressure in the spectrograph could be reduced 
to practically zero, while that in the tube, although low, was high enough 
for the discharge to pass. In this way oxygen absorption in the receiver 
was eliminated. 

Commercial films were used. They were lightly coated with a trans- 
parent mineral oil in order to increase their sensitivity toward the ultra- 
violet end of the spectrum. 

EXPERIMENTAL 

Spectrograms were made with currents varying from 0.008 to 0.6 amps. 
No difference in the number or intensity distribution of the bands was 
observed as a result of this wide variation in the current. The spectro- 
gram A on Plate 1 was made with a current of 115 milliamps. and an 
exposure of 13 hours. The pressure was almost as low as possible for a 
discharge to pass, about 0.02—0.03 mm of mercury. The spectrograms 
B and D were made with approximately the same current and pressure 
and exposures of 24 and 50 hours respectively. 


THE SPECTROGRAMS 

Fig. 1, A, B, and D show some of the new photographs. A was taken 
with the meter grating in air. It shows the portion toward the ultra- 
violet of the first negative group of oxygen and includes practically the 
same bands as those measured by Johnson® in this region. The system 
consists of pairs of bands degraded to the red. The pairs, whose members 
are separated by a constant frequency difference of 200 units, are in- 
dicated on the plate. The last band which was measured by Johnson 
at this end of the spectrum is \2318. On each side of it on our spectro- 
gram, there is a faint band for which Johnson published no measurement. 
Each of these faint bands have been found to differ from \2318 by 200 
frequency units. Photograph B is one taken with the vacuum grating 
spectrograph. This photograph shows definitely eight new pairs of bands 
further to the ultra-violet. There is probably a ninth pair partially 
overlapping the last of these and on a similar photograph, D, two more 
pairs show. Accurate measurements of the new bands on these spectro- 
grams could not be obtained because the oiled film warped during the 
long exposure so that the sharp focus was destroyed. On comparing 
these plates, however, with earlier ones taken by Hopfield, some of the 
new bands were found on them also and in good focus. One of these 
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earlier plates is shown in Fig. 1, C. The presence in the second order of 
the nitrogen triplets at \1134 and 1200" indicates that there was 
nitrogen impurity in the discharge tube when this spectrogram was 
made, whereas the new spectrograms are entirely free from nitrogen lines. 
The new oxygen bands identified on the earlier spectrogram are indicated 
by lines connecting B and C on the plate. Accurate wave-lengths of these 
bands were obtained from C. Both spectrograms show the second order 
of the strong ultra-violet triplet series of oxygen and the singlets \999.4 
and 1152.0 also due to oxygen.'’® These lines were the standards used 
in measuring the bands. The wave-lengths and frequencies in vacuum, 


2300 2400 2500 2600 2700 2800 
i | it i | 


71 Gl BAS F2 4-1 C2 


2000 2100 


dec b &@ 0 90 0 10-1,70,9-1,6-0 
2200; : | '2300 


Fig. 1. Photograph of the first negative group of oxygen. 


observed and calculated, are given in Table I. The difference between 
the calculated and observed values is constantly positive for the bands 


TABLE | 
Oxygen bands. Wave-lengths and frequencies in vacuum, observed and calculated 





nN v(obs.) —_—»(cale.) Ap r v(obs.) __v(cale.) Av 


| 2285.79 43753 43794 +41 

2275.34 43950 43994 +44 

| 44346 — 

2328.7 42929 42947 +18 | 2246.93 44506 44546 +40 

2317.9 43129 43147 +18 | 2224.35 44958 45005 +47 
| 





4399.4 22723 22708 —15 
4363.1 22912 22908 — 4 








2307.2 43329 43361 +32 2213.78 45174 45205 +31 
2291.83 43634 43660 +26 45638 — 
2281.26 43837 43860 +23 2183.91 45789 45838 +49 








1 Hopfield, Phys. Rev. 27, 801 (1926). 
” Hopfield, Astrophys. J. 49, 114 (1924). 
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toward the violet and can be accounted for by the method of using the 
comparator. The difference corresponds to a shift of the comparator 
setting toward the red by 0.04-0.06 mm. 


THEORETICAL 


The bands of this system are arranged diagramatically in Table II 
in the usual manner. Only the short wave-length members of the pairs 
are given. The arrangement is substantially the same as that published 
by Johnson.® The new bands are included and are indicated by stars. 
The vibrational quantum number of the initial state is indicated by 
n' and that of the final state by m’’. The lowest known state in either 
case is termed zero and other states are numbered in order. Progressions 
of initial states, or bands representing transitions from a series of initial 
states to a single final state, appear in columns in the table and pro- 


TABLE II 
Oxygen.—Ist negative group 


y= 38308 +-(887n’ —13.4n”) —(1859.9n"—16.53n') 





~ 


1 2 3 4 5 6 7 8 9 


OH 29427 27757 26104 29490 22912* 
OH OH 28611 26976 
OH 32853 OH 29466 27821 
OH 33670 OH OH 
39785 36202 OH 
40551 36953 
43126 41281 37701 
43837* 41991 
44506* 42668 
45174* 43326* 
45789* 43950* 


2 





0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 


— 








*New bands. 


gressions of final states in lines across the table. The frequency differences 
in both initial and final states are determined by the spacing of the 
respective vibrational energy levels. This spacing decreases as the 
quantum numbers increase, but the relative spacing in one state is 
different from that in another because of the difference in electronic 
configuration. For this reason, bands representing the same change in 
vibrational quantum number, as 0-1, 1-2 and 2-3, etc., are not super- 
posed, but lie in a sequence in the spectrum. 

The frequencies of a system of vibrational bands are expressed by the 
formula 

y =y.+(w'n! —x'w'n") = (co!!! —2!o!'n'"2) 

Birge and Mecke™ each computed the constants of this formula from 


8 Birge, Phys. Rev. 25, 240 (1925). 
“ Mecke, Phys. Zeits. 26, 217 (1925). 
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the data published by Johnson. But Mecke omitted \2318 whose 
frequency is v43126 and for that reason his quantum assignment and 
formula differ from those of Birge. The new work proves that this band 
should be included in the system. Its companion, although faint, appears, 
as well as four more pairs of bands to the same final state. These five 
pairs constitute a progression to a lower final state than the one desig- 
nated as zero by Mecke.“ If there are no more progressions of this 
system further to the ultra-violet, the formula 
y= _— + (887n’ — 13.4n’*) — (1859.9n” — 16.53n’’?) 
38108 

calculated by Birge™, represents the system. 

Bands appear, however, on B and D taken with the vacuum grating 
spectrograph, which cannot be identified on C because of the presence of 
impurity on the latter, and therefore cannot be measured accurately. 
Their positions are indicated by small letters. It seems probable from 
the appearance of these bands that they belong to the system and repre- 
sent from one to three final states lower than those whose existence is 
already established. Further evidence for this conclusion is furnished by 
the result obtained by Birge and Sponer* for the ionization potential of 
molecular oxygen from spectroscopic data. This value, based upon data 
which include the heat of dissociation of ionized oxygen calculated from 
the first negative group, is 14.1 volts. The experimental value obtained 
by Hogness and Lunn" from positive ray analysis is 13+1 volts. If the 
normal level of ionized oxygen is lower than that given by the formula 
above, the value of the heat of dissociation based upon the present data 
is too low. Each new progression to a lower final state, the presence of 
which is suggested by the dim bands on the new photographs, increases 
the value of the heat of dissociation of the ionized molecule by approxi- 
mately 0.23 volts and consequently decreases the calculated value of the 
ionization potential of the neutral molecule by the same amount.’* The 
presence of two or three more progressions toward the ultra-violet in the 
spectrum of the first negative group would therefore result in better 
agreement between the experimental and calculated value for the ioniza- 
tion potential of molecular oxygen. The dim bands on the new photo- 
graphs indicate that these progressions probably exist. 

The authors are grateful to Professor R. T. Birge for suggestions in 
regard to the interpretation of this work. 


DEPARTMENT OF PHysICcs, 
UNIVERSITY OF CALIFORNIA, 
September 10, 1926. 


% Hogness and Lunn, Phys. Rev. 27, 642(A), 732 (1926). 
16 See Birge and Sponer (loc. cit.) for details. 
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THE MANY-LINED SPECTRUM OF SODIUM HYDRIDE 
By E, H. JonNson 


ABSTRACT 


A direct current arc was maintained between a water-cooled iron cathode 
and a sodium anode in a hydrogen atmosphere up to pressures of 3 or 4 cms. 
' With potential differences from 20 to 30 volts, a many-lined spectrum was ob- 
tained in which several bands and branches have been identified in the region 
between A3900 and 5100. Computations involving the usual quantum 
assumptions have led to the determination of the following molecular mag- 
nitudes:-— 
44333 band 
Initial state Final state 
I’ =3.59 X10 gm cm? I’ =5.10X10- gm cm? 
ro’ = 1.51 X10-* cms ro’ =1.80X10-* cms 
44655 band 
Initial state Final state 
I’ =3.20 X10 gm cm? I’ =4.06 X 10 gm cm? 
ro = 1.42 X10-* cms ro’ = 1.60 X10-* cms 
Some deviations from current quantum formulas are pointed out. 


HE object of the present work was to obtain an em ssion spectrum 

that could be ascribed definitely to a diatomic molecule consisting 
of one atom of sodium and one of hydrogen. Previous work with such 
hydrides indicated that the spectra to be expected would be of the 
complicated, many-lined type.’ 

In the course of the present investigation many new points of technique 
had to be developed. The usual difficulties in handling metallic sodium 
were far exceeded by those which had to be overcome in securing the 
critical combination of conditions essential to the production of the 
desired spectrum. If this precise state were not maintained, quite a 
different spectrum was produced, either alone or so as to be dominant 
and altogether troublesome. Extensive work with widely different methods 
of excitation, showed the necessity of employing a relatively high gas 
pressure and a low-energy electric discharge so as to encourage molecular 
combinations and avoid all dissociative effects. 

The essential parts of the apparatus that proved most satisfactory are 
shown in Fig. 1. The arc chamber was made from a heavy three-liter Pyrex 
flask in which the arc itself was maintained between a water cooled 
iron cathode 11 mm in diameter; and an anode consisting of several 
grams of metallic sodium in a porcelain cup 1.5 cms in diameter. The 


; 1 'W. W. Watson has reported a many-lined spectrum due to a lithium hydride com- 
bination. See®Abstract in Phys. Rev. 25, 887 (1925). 
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hydrogen with which the arc was surrounded during operation, was 
the commercial product drawn from steel cylinders. In so far as possible, 
all water and oxygen were removed by passing the gas through a hot 
tube containing copper and copper oxide, then over phosphorus pen- 
toxide. It then passed through a charcoal trap which could be cooled in 
liquid air, although careful tests showed this step to have little if any 
advantage. A Geissler tube (not shown in the diagram) was permanently 
attached to the apparatus and always showed a pure hydrogen spectrum 
when the gas had been prepared as described. 

Although the optimum pressure for the production of the desired 
spectra was found to be between 2 and 4 cms, the system was evacuated 
before each exposure by means of a Cenco Hyvac pump and a one-stage 














Fig. 1. General arrangement of apparatus. 


mercury diffusion pump. Then, with fresh hydrogen, the pressure was 
raised to the desired value. A second trap in liquid air was introduced 
before the diffusion pump to prevent the passage of mercury vapor back 
to the arc chamber, if this became necessary. 

The method developed for controlling the arc is shown in some detail 
in Fig. 2. Bartels? made similar adjustments by means of a hammer- 
shaped lever which passed out through a flexible joint in the wall of the 
evacuated chamber. Others have used ground joints or rods or screws 
passing through stuffed joints to manipulate one of the electrodes. In 
the present work, where the entire arc chamber was to be at fairly high 
temperatures during prolonged periods of time, it was found best to use a 
magnetic control wholly contained within the evacuated system. In- 


* Bartels, Zeits. f. Physik 25, 378 (1924). 
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asmuch as this arrangement is adaptable to many kinds of vacuum arc 
work, a brief description will be given. 

The glass tube G (Fig. 2) was sealed to the arc chamber so as to form 
a part of the same vacuum system. An inclosed brass rod D and a flexible 
wire W connected the porcelain anode cup A to the external binding 
post P. Two iron collars or lugs, F; and F2, were firmly secured to this 
rod, and between them was placed a loose hollow iron cylinder E, to act 
as an armature in the fields of the magnet coils, M, and M2. These were 
arranged in the circuit indicated at the left, so that by means of the 





Fig. 2. Details of arc control. 


reversing switch K, the armature could be jerked either upwards or 
downwards through a distance of a few millimeters. These two motions 
were equalized by the spring S;, which was of sufficient strength to just 
support the armature freely at the mid-point of its range of action. The 
springs S, and S: were fitted into the glass tube with considerable friction 
and served to hold the moving system at any desired height. The striking 
force of the armature could be regulated by means of the rheostat R, 
so that the anode could be moved up or down by steps of several milli- 
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meters each, or by amounts so small as to be scarcely perceptible. Its 
operation in this respect left nothing to be desired. The winding of the 
coils was merely determined by trial so as to give the best operation 
with the particular system built. 

The construction of the iron cathode is clearly shown in Figs. 1 and 2. 
A central brass tube permitted the continual flow of cold water right at 
the tip of the electrode. With this construction not the slightest trace 
of the iron spectrum was ever found on any of the plates. In fact, in all 
cases, a layer of metallic sodium a millimeter or so in thickness formed 
over the end of this electrode soon after the arc was struck, so that all of 
the exposures were made with an arc source between electrodes of metallic 
sodium only. Hence, the spectrum was not altered when the arc polarity 
was reversed. 

The alkali metals differ greatly in their behavior under arc conditions, 
each requiring a somewhat specialized technique. In operating the 
sodium arc of the type described, considerable care is necessary because 
of the sudden expansion of the sodium on approaching the boiling point, 
and the explosive violence of its initial boiling. However, it is possible 
to maintain a satisfactory performance throughout exposures of eight 
hours or more. 

The operating potential difference was usually from 20 to 30 volts. 
All photographs were made through a quartz window. Satisfactory 
spectrum plates were obtained with a Hilger quartz spectrograph and a 
5-foot concave grating giving a dispersion of 16.8A per mm in the first 
order. All computations were based on measurements of first order 
plates obtained with a 21-foot concave grating, the dispersion being about 
2.6A per mm. 


EXPERIMENTAL RESULTS 


‘A first examination of the photographic plates shows little more than 
a multitude of fine lines, with no very apparent order. On the whole they 
are suggestive of the secondary spectrum of hydrogen. However, direct 
comparison with hydrogen plates of the same dispersion, shows the 
spectra to be entirely different. ° 

In attempting to order these lines into series one meets with all of the 
difficulties usually ascribed to the analysis of many-lined spectra. 
Diffuseness from various causes renders the precise measurement of 
many of the lines well-nigh impossible. The large number of lines present 
on the plates makes it not improbable that some of the anomalous 
intensities recorded are due to the superposition of lines properly belong- 
ing to other systems on weak members of the branches being investigated. 
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A parallel case is mentioned by Sandeman* in discussing the difficulties 
in the analysis of the hydrogen secondary spectrum. Numerous attempts 
to improve the quality of the lines by altering the source conditions, 
such as current and pressure, were fruitless. Neither was there any 
appreciable increase in the sharpness of the lines when the grating slit 
was set at the smallest width practicable and the time of exposure greatly 
increased.‘ 

In the tables of data and in the computations, vacuum frequencies have 
been employed, the necessary corrections having been made by means 
of the tables published by the Bureau of Standards.’ The wave-lengths 
are given in air values. 















































X 4553 Bend 
Fig. 3. 


In ordering the lines into P, Q and R branches, the combination 
principle has been employed, as indicated in the following symbolic form: 


R(m) —Q(m+1)=Q(m) — P(m-+1). 


The intensities of the lines were estimated visually when the plates 
were being measured. In the accompanying graphs (Figs. 3 and 4) it 
will be seen that the intensity curves follow the individual line intensities 
with few exceptions. In general they are of the form obtained by Richard- 
son and Tanaka® for the hydrogen secondary bands. With the exception 
of one rather doubtful portion of a branch, all of these bands degrade 


* Sandeman, Proc. Roy. Soc. Lond. A110, 326 (1926). 

‘ Eriksson and Hulthén mention a similar diffuseness of the lines in the AlO bands. 
See Zeits. f. Physik 34, 785 (1925). 

5 Sci. Papers, 327 (1918). Also Bur. of Stan. Bull. 14, p. 731. 

* Richardson and Tanaka, Proc. Roy. Soc. Lond. A106, 663 (1924). 
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towards the violet. This is of special interest since Stiicklen’ practically 
implied that the bands of all of the metals and metal hydrides in the 
first group of the periodic table degrade towards the red. 

Frequently it has been stated that in emission bands consisting of 
P, Qand R branches, the P branch is stronger than the R branch. Dieke*® 
and others have brought forth a certain amount of theoretical argument 
for such a rule. However, as Eriksson and Hulthén® have pointed out, 
experimental evidence does not justify such a generalization. It seems 
that the P branch may be much less intense than the Q or R branch, or 
again, all three may be of about the same intensity. This departure from 
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Fig. 4. 


the “rule” is quite in keeping with the results obtained in the present 
investigation. The intensity distribution curves show approximately the 
same average intensity in the P and R branches, a fact which increases the 
difficulties in the analysis. In these bands, degrading as they all do, 
towards the shorter wave-lengths, the intensity maximum in a P branch 
is nearer the head than is that of the associated R branch. In the cases 
analyzed, the Q branches are by far the weakest of the three. 


7 Stiicklen, Zeits. f. Physik 34, 562 (1925). 

8 Dieke, Zeits. f. Physik 33, 161 (1925). 

* Eriksson and Hulthén, Zeits. f. Physik 34, 775 (1925). ‘Uber die Bandenspektra 
von Aluminium,” see footnote, p. 777. 
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There was no evidence of a continuous spectrum on any of the plates, 
and no reversed lines. 

In Tables IV, V, IX and X, giving the initial and final terms, paren- 
theses have been placed around values in the columns of “means” in 
all cases where the numbers could be obtained from one quantity only. 
The gap responsible for this is evident in one of the two preceding 
columns. In some instances these are due to the absence of a line in the 
body of the branch, as will be seen by reference to the corresponding 
tables giving the wave-lengths and frequencies. 




















TABLE I 
44333 Band. P Branch. 
_ 7 re: Differences 
m Intensity (cmsX10°) vy=1/r 1st 2nd 
2 000 4332 .909 23079 .18 
— 6.26 
3 1 4332 .870 23072 .92 —6.26 
0 
4 1 4332.870 23072 .92 6.26 
6.26 
5 000 4332 .909 23079 .18 6.03 
12.29 
6 000 4329 .389 23091 .47 7.29 
19.58 
7 2 4325.721 23111.05 6.34 
25.92 
8 1 4320.876 — 23136.97 5.28 
31.20 
9 1 4315 .056 23168 .17 4.34 
35.57 
10 1 4308 .442 23203 .74 
TABLE II 
44333 Band. Q Branch. 
_ nN Differences 
m Intensity (cms X 105) v=1/Xr 1st 2nd 
1 000 4329.107 23099 .45 
5-51 
2 000 4328.075 23104 .96 5.08 
10.59 
3 00* 4324.880 23115.55 4.78 
15.37 
4 000 4323 .217 23130.92 5.33 
20.70 
5 000* 4318.142 23151.62 4.45 
25.15 
6 000 4314.665 23176.77 5.37 
30.52 
7 000 4308 .990 23207 .29 5.10 
35.62 
8 000 4302 .387 23242 .91 6.81 
42.43 
9 1 4294 .547 23285 .34 5.70 
48.13 


10 00 4284 .487 23333 .47 


————————— -_— 


*Double _ a 
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TABLE III 
44333 Band. R Branch. 


nN Differences 
Intensity (cms X 10%) v=1/r 1st 2nd 








1 4322 .957 23125 .83 








22.14 
26.70 
174. 


3 
29.07 
3203. 


000 4320 .033 3147. 
2* 4313 .846 


33.04 
36.24 


3 

4 1 4308 .442 
5 1 4302 .316 23236. 
6 


000 4296 .820 23273. 
7 1 4287 .904 23314. 


41.86 


~ *Double 


TABLE IV TABLE V 


44333 Band. Initial terms. 44333 Band. Final terms. 
AF’ = R(m) —Q(m) =Q(m+1) —P(m+1) AF’'(m) =R(m) —Q(m+1) =Q(m) 
—P(m+1) 





” ie R(m) . Q(m+1) ie AF'(m) m R(m)— O(m) — AF’’(m) 
—Q(m) P(m+1) (mean) Q(m+1) P(m+1) (mean) 


26.38 25.78 26.08 20.87 20.27 20.57 
01 42.63 42.82 32.42 32.04 32.23 
12 58.00 58.56 43.75 42.63 43.19 
82 72.44 72.63 52.12 51.74 51.93 

60.01 60.15 60.08 


-16 85.30 85.23 
25 96.24 96.24 65.73 65.72 65.73 
71.97 70.32 71.14 


105.94 106.76 
— 74.74 (74.74) 


— 117.17 (117.17) 
129.73 (129.73) —— 81.60 (81.60) 





CSOMNIAM wre 


1 
2 
3 
4 
5 
6 
7 
8 
9 





| 
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TABLE VI 
\4655 Band. P Branch. 


— 


nN Differences 
Intensity (cms X10*) v=1/r Ist 2nd 





1 4643 .804 21528 .06 
00 4647 .750 21509.78 
4652.255 21494 .95 


18.28 
14.83 


9.51 
4653 .016 21485.44 


4656.031 2477.52 
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TABLE VI—Continued 
44655 Band. P Branch. 





Differences 


r 
Intensity (cms X10*) v=1/r 1st 2nd 





9 000 
10 00 
11 00 
12 1 
13 3 
14 2 
15 —_— 
16 2 
17 1 


4654.399 
4652 .036 
4647 .750 
4643 .804 
4639.110 
4633 .989 


4621.692 
4614.661 


21485 .05 
21495 .96 
21509.78 
21528 .06 
21549 .84 
21573 .65 
(21600.51)¢ 
21631.05 
21664.01 


10.91 
13.82 
18.28 
21.78 
23.81 
(26.86) 
(29.91) 
32.96 





éInterpolated values. 


TABLE VII 
44655 Band. Q Branch. 





Differences 


r 
Intensity (cms X10) y=1/d 1st 2nd 





000 
000 

00 
000 


m 
2 
3 
4 
5 
6 
7 
8 
9 


0 

00 
00 
00 
00 


= 
o 


4641 .702 
4639 .646 
4638 .214 
4637 .091 
4632 .828 
4629 .052 
4624 .500 
4619.115 
4612 .514 


21543 .82 
21547 .35 
21554 .00 
21565 .24 
21579 .06 
21596 .66 
21617 .92 
21643 .12 
21674 .09 


3.53 

6.65 
11.24 
13.82 
17.60 
21.26 
25.20 
30.97 


3.12 
4.59 
2.58 
3.78 
3.66 
3.94 
5.77 





TABLE VIII 
4655 Band. R Branch. 





Differences 


r 
Intensity (cms X10*) 


y=1/r 


1st 


2nd 





000 
000 
2 
1 
000 


4632 .251 
4626 .737 
4621 .088 
4614 .977 
4607 .651 


21581.75 
21607 .47 
21633 .88 
21662 .53 
21696 .97 





on Ao nH Fk w Wis 





4590 .921 


21776 .04 


25.72 
26.41 
28.65 
34.44 


0.69 
2.24 
5.79 
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TABLE IX TABLE X 
4655 Band. Initial terms. 44655 Band. Final terms. 
AF’ = R(m) —Q(m) =Q(m+1) —P(m+1) eS. 
-_ m 





R(m) Q(m+1)— AF’(m) R(m) — (m) — AF’'(m) 
P(m+1) (mean) Q(m+1) P(m+1) (mean) 


15.76 (15.76) 34.04 34.22 
37.57 37.75 52.40 
59.05 59.59 68 .56 
79 .80 78.40 —— 
(97.29) 101.54 


119.14 118.53 

132 .87 (132.87) 
158 .07 158.10 147.16 (147 .16) 
178.13 (178.13) 164.31 (164.31) 
194.67 (194.67) 177 .36 (177 .36) 
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The work of Kratzer,!° and Kramers and Pauli! has resulted in the 
following general expression: 
AF) =2BG+4F)F——— + - 
jG+) 
where j is the total angular momentum; @ is the component of the 
angular momentum of the electron normal to the vector angular momen- 
tum of the nuclei; € is the component of the same vector parallel to the 
vector angular momentum of the nuclei. 

The marked weakness of the Q branches in the bands analyzed in the 
present work suggests the application of this equation, using the lower 
(+) signs. By the assignment of probable j values (putting 7=m-+s(3), 
where s may have the values 0, +1, +2, etc.) and solving simultaneously 
the several similar expressions thus obtained so as to get the values of « 
and ga, it is possible to draw some conclusion as to the general validity 
of the equation. 

The restrictions prescribed by the theory in its present state are that 
while € and o may both have irrational values, ¢ should be of the order 
of k/2 (where k has the values 0, 1, 2, 3, etc.), and that o should be unity 
or very small. Having made the substitutions thus required, we obtain 
initial and final values for 2B. 

Now, 


2B=h/4n*lc, 
whence the moment of inertia is given by 
I=h/8x°cB 


1° Kratzer, Naturwiss. 27, 577 (1923). 
‘1 Kramers and Pauli, Zeits. f. Physik 13, 351 (1923). 
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lf we now assume that the body having this moment of inertia is a 
simple dipolar molecule, consisting of one atom of hydrogen and one atom 
of sodium, rotating about their common center of gravity, we can obtain 
the nuclear separation ro in the existing state. The values found in the 
above manner for the bands \4333 and 44655 are presented in Table XI. 


TABLE XI 
Molecular constants of sodium hydride 





Initial state Final state 
d 4333 Band 





Jj m 
a B"' =5.42 
e’ =0.325 e’’=0.496 
ao? =(—)0.156 o’*=(—)0.82 
- JI'=3.59X10-* gm cm? I’’=5.10X10~ gm cm? 
ro’ =1.51X10-* cms ro’’ =1.80X10-* cms 


4655 Band 


as, 


j m 

B’ =6.81 

e’’=0.76 
o’*=(—)11.8 

10-*° gm cm? I’’=4.06X10~ gm cm? 

10-§ cms ro’’=1.60X10-8 cms 


Q 
~~ 
~ 


“" 





CONCLUSION 

From these values of J and ro we are justified in concluding that the 
carrier of these bands is actually the NaH dipole. They are entirely in 
accord with the trend of values found for other metal hydride molecules 
in the first part of the periodic table, which has been pointed out by 
Watson.” 

These results have several other significant features. The j-values 
employed were retained as the most suitable ones after numerous com- 
putations with other values differing by half-integral steps. The values 
of € are of the required order of k/2, where k=1, in the present cases. 
However, the values obtained for a, which is the component of the angular 
momentum of the electron normal to the vector angular momentum of 
the nuclei, raise new questions. The general equation was developed 
with the signs + before the o term, but the nature of this quantity (¢) 
requires the use of the positive sign if € is to be positive, and this pro- 
cedure, in the present work, leads to imaginary values of ¢. It would 
seem that some modification of the general theory is necessary if it is to 
lead to an expression that can be applied closely to bands of the type 
investigated here. The same difficulty has been pointed out by Mecke." 

” Washington Meeting, Amer. Phys. Soc., Apr. 24, 1925. See Abstract No. 24, 


Phys. Rev. 25, 887 (1925). 
™ Mecke, Zeits. f. Physik 36, 795 (1926). 
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In addition to the bands here described, a number of other branches 
have been traced out for appreciable distances. All agree in general 
character. There is considerable evidence that several of these bands 
are members of the same system. A further paper will deal with these 
extended series relations. 

The writer wishes to express his appreciation to Dr. W. W. Watson 
at whose suggestion and under whose guidance the investigation covered 
in part in the present paper was carried out. Very excellent plates of the 
secondary spectrum of hydrogen for comparisons were continually avail- 
able through the kindness of Dr. K. O. Lee. The author also wants to 
record his thanks to Professors Gale and Lemon for various suggestions. 

RYERSON PuysicaL LABORATORY, 


UNIVERSITY OF CHICAGO. 
June 2, 1926. 
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ON THE BAND SPECTRUM OF CALCIUM HYDRIDE 
By E. Huttain* 


ABSTRACT 


An arc of calcium burning in hydrogen at low pressure emits numerous 
bands in the region 6000-7000A. This spectrum was photographed at high 
dispersion and two groups of bands, shading toward the violet may be dis- 
tinguished: the A groups with heads at \A7035, 7028, 6921, 6903 and the 
B groups with heads at \A6389, 6382. In addition to these, the arc emits an 
isolated C group—a single band in the ultra-violet at \3533.6. This group 
is identical with a band of calcium hydride recently studied by R. S. Mulliken. 
The structures of A, B and C are very different. The A group forms a doublet 
system (A, As) of P-Q-R branches. The bands of the B group have a similar 
structure to that of the violet cyanogen bands, signified by doublet Pi, P: 
and R;, R: branches. The C group consists of a single band having P-R branches. 
In all bands the series deviate largely from polynomials of second degree. 
Thus, in B and C there is a remarkable “red-shift” of high numbered lines, 
accompanied by a sharp cut-off in their intensity. From combinations found 
between the P-R branches, conclusions are reached regarding the spectral 
terms in CaH. The A, B and C groups have a common final (N) electronic 
term with a rotational doubling («= +4, o:.=0). The initial state of A forms 
an electronic doublet (Ai, Az) with the emission electron in a o-orbit («,=0, 
o,>0), thus explaining the appearance of Q branches in A. In B (initial) 
there is again a rotational doubling («= +4, «=0). In C (initial) only one 
€ component is present (e,=—4, o,=0). The departure from half-integral 
quantum numbers in C is avoided by accepting a large Kratzer’s linear term 
28j. The nuclear spacings in the CaH molecule are not in correlation with their 
vibration frequencies, violating a rule by Birge and Mecke. A comparison of 
the A group with the spectra of ZnH, CdH and HgH shows several interesting 
parallels, confirming the theory of Mulliken regarding these spectra. 


LTHOUGH the band spectrum of calcium hydride, discussed in 

this paper, has previously been noted by several investigators, no 
serious effort has been made to resolve and to measure accurately the 
great number of lines in the region 6000 to 7000A. The main interest 
seems to have been centered in identifying these bands in the sun-spot 
spectrum and from this point of view we may mention the works of 
C. M. Olmsted! and A. Eagle.2 Olmsted presented evidence that the 
calcium hydride bands at \\6389, 6382 appear in the sun spectrum. 
Eagle photographed the spectra of calcium, strontium and barium 
hydride in the region 6000-7000A. From his photographs the homologous 
structure of all three spectra appears clearly. 

* International Education Board. 


1C. M. Olmsted, Astrophys. J. 29, 66 (1908). 
? A. Eagle, Astrophys. J. 30, 231 (1909). 
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In addition there is a single band of calcium hydride in ultra-violet 
at A3533.6, consisting of a small number of lines but having a very 
unusual structure. This band has recently been investigated by R. S. 
Mulliken.* 


SoME GENERAL REMARKS REGARDING THE HYDRIDE BAND SPECTRA 


Before entering into a detailed discussion of the band-spectrum of 
calcium hydride some general properties in the spectra of hydrides and 
their relations to the periodic table of elements may here be discussed. 
At present we know something about the hydride spectra of Cu, Ag, Au, 
—Mg, Ca, Sr, Ba,—Zn, Cd, Hg,—B, Al,—C,—N, P,—O. From theoreti- 
cal interpretations of several of these spectra (moments of inertia, isotope 
effects, etc.), it is most probable that they are all emitted by a dipole 
of the element and a hydrogen atom. Besides the wide spacing of lines, 
which is an essential property of all hydrides, there is a clear conformity 
in the structure of bands belonging to elements of the same column in 
the periodic table. This is best illustrated by the table below. 


TABLE I 
Correlations in hydride band spectra 


Shading 
Hydrides direction Band structure Electronic frequencies 


Cu, Ag, Au Red P,R 24910, 29900, 27342 
38230 








Mg, Ca, Sr, Ba Violet P,Ps, 10 R,R:. 19333.9 (Mg).... 
Zn, Cd, Hg a“ P®P®), QWH®, ROR®,  23263.6 22278.0 24933.9 
23594.0 23279.0 28617.1 
B, Al Red P,Q,R 23477 (Al) 
Violet P,OP,®, P,OP,®, 0,0, .., Ry. .23161 
Cc Red P:Ps, 0:02, RiRe. 25715 
N, P Red  P,P2Ps, Qi02Q3, RiR:Rs. 29750 (N) 
) Red P,Ps, 0:02, RiRs. 32423 





There is a remarkable alternation in the shading directions of bands 
belonging to the elements of the first columns. No pretentions are made, 
however, that this is a rule or that the notations regarding the band 
structures given in the table are complete. The spectrum of calcium 
hydride will illustrate these points. 


SPECTRUM OF CALCIUM HYDRIDE 


The calcium hydride bands in the region 6000—-7000A form two groups 
of bands with more or less distinct heads at \A7035, 7028,- 6921, 6903 
and \A6389, 6382. The bands are all degraded toward the violet and 
though crowded with lines, are easily resolved under high dispersion. 


3R.S. Mulliken, Phys. Rev. 25, 509 (1925). 
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As source a calcium arc burning in hydrogen at low pressure was used. 
The arc ran steadily at 6 amp., 220 v., d.c., with a hydrogen pressure 
of about 20 mm. Under these conditions, with an exposure of from two 
to six hours, the spectrum was well developed in the first and second 


TABLE II 
The lines of the A band of calcium hydride 


P, Q: Q: Rz 





». 





14399 .92 
402. 9. 76. 
05. . 82. 
89. 
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order of a large concave grating (dispersion, 2.6 and 1.3A/mm respec- 
tively). The spectrum extends on both sides of the 6000—7000A region. 
However, these faint bands showed such a complicated array of numerous 
lines that no attempt was made to analyze them. Apparently they 
correspond to excited vibration levels of the two main groups at 6000- 


TABLE III 
The lines of the A’ band of calcium hydride 








a. 













02.85  14432.66 46.31 98.64  14536.62 
397 .38 22.84 49.07 509.25 43.76 
91.69 13.39 51.95  14483.25 19.56 51.09 


CONIA NRPWNeK OS 


85.88 04.37 54.87 83 .02 29.90 58.69 
‘ 94 66.74 


11 74.46 
17 82.49 





are = 





= 
— 
NO 
an 
oo 
S 
an 
~ 
oo 
ee 
on 
w 
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oo 
w 
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13 62.13 70.72 67 .82 85.03 70.02 90.62 
14 56.25 62.94 71.55 86.46 80.02 98.97 
15 50.42 55.63 75.34 88 .28 89.96 607.35 








. ; ° . 88 15.85 
17 39.14 41.24 83 .50 93 .00 609 .84 24.44 


SS 










18 33.70 34.55 87.81 95.58 19.73 33.09 
i 19 28.40 27.98 92.25 98 .64 29 .68 41.89 
73 50.79 















. 18, ; 74 59.73 
is 22 13.38 09 .94 06.73 09.24 59.73 68.63 
A 23 08 .67 04.31 11.95 13.31 69.70 77.64 
. 24 04.31 299 .08 17.45 17.60 79.74 86.68 
we 25 299 99 93.86 23.08 22.16 89.68 95.73 
it 26 95.87 89.06 28.70 26.73 99.70 704.95 
. 27 92.00 84.33 34.44 31.82 709.74 14.12 
Hi 28 88.39 80.11 40.57 37.00 19.83 23.38 
| 29 84.85 76.07 46.81 42.30 29.86 32.64 


06 .89 


15 















° ° -63 
32 75 .87 66.35 59.60 59.89 
33 73.36 73.05 65 .64 
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7000A. When a small amount of air or moisture was present in the arc- 
bulb, a continuous background appeared in the region 6300-6100A, 
sometimes rising to a bright intensity, covering the sharp lines of the 
hydride bands. This background belongs probably to the CaO spectrum 


and was easily suppressed by a permanent flow of hydrogen through the 
bulb. 
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In order to simplify our notations in the following we will refer to the 
long wave-length bands at \7000 as the A-group and to the bands at 
A6389, 6382 as the B-group. The overlapping faint bands in A and B 
are called A’, B’, respectively. The isolated band at A3533 already 
analyzed by Mulliken we refer to as the C-group. The lines of A, A’, 


TABLE IV 
The lines of the B band of calcium hydride 





P, P, Ri 





15745 .12 15761.91 

15745 .12 37 .87 70.73 
36.53 30.86 79.91 

28 .43 24.11 89.51 
20.70 17.78 99.54 


13.48 11.81 809.93 
06.72 06.23 20.65 
00.33 01.00 31.70 
694.40 696.17 43.11 
88.83 91.69 54.82 


83.59 87.60 66.81 
78.90 83 .84 78.99 
74.47 80.48 91.45 
70.32 77.42 904.14 
66 .69 74.70 17.08 


63.35 72.32 30.09 
60.34 70.42 43.47 
57 .64 68.65 56.99 
55.26 67.18 70.53 
53.23 66.15 84.30 


51.41 65 .37 98 .23 
50.05 64.88 16012.17 
49.02 64.55 26.25 
48 .09 64.55 40 .39 
47.34 64.88 54. 


47.00 65.37 68. 
47.00 66.15 83. 
47.11 67.18 97. 
47.52 68.28 111. 
48.09 69.64 25. 


48 .86 71.18 39. 
49 .82 72.81 53. 
50.92 74.59 67. 
52.13 76.46 81. 
53.52 78.48 


54.95 80.48 
56.49 82.61 
58.05 84.78 
59.63 
61.24 


62.81 
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B, B’ are in Tables II to V arranged in series. This arrangement includes 
practically all lines measured (approximately 800) and is based on the 
rules holding for band series and on the combination principle applied 
to band spectra. 


TABLE V 
The lines of The B’ band of calcium hydride 





P; Ri 


na. 





15745 .87 
54.45 
63 .39 15778 .05 
72.77 88 .33 
82.53 99.04 


92.65 810.18 
803.15 21.25 
13.85 32.81 
24.81 44.52 
36.04 56.51 


47 .43 68 .65 
59.07 81.00 
70.80 93.52 
82.75 906.21 
94.84 19.03 


907 .02 32.01 
19.33 45.10 
31.76 58.25 
44.26 71.42 
56.87 84.68 


69 .38 97 .92 
82.00 16011.17 
94.65 24.38 
16007 .22 37.54 
19.74 50.64 


32.14 63.61 
44.46 76.47 
56.68 89.04 
68 .82 101.45 
80.43 13.49 


91.92 25.26 
103 .06 36.40 
13.67 46.92 

56.84 
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BAND STRUCTURE 


In Figs. 1 and 2 the groups B and A are graphically represented around 
their origins. The B group consists of two doublet branches P,, -P2 and 
Ri, R2, overlapped by a faint B’ band having a similar structure (P’, 
P,', R,', R:') to that of B, only shifted a little toward the red. The 
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P;, P2 branches of B converge into two distinct heads at \\6382, 6389. 
The series of B and B’ may be represented by polynomials: 


P(j)= Domj*, RG)= Doexi*, (1) 
k=O k=0 


where k is a positive integer. 



































15800 
Fig. 1. Graphical representation of Group B bands. 














14400 


Fig. 2. Graphical representation of Group A bands. 


According to the arrangement in the tables the lines P,(1), P,(0), 
R,(0) are missing in the P;, R; series. In Pz, Rz only P2(0) is missing. 
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The lines P,(2) and P2(1) coincide at 15745.12 but judged from the 
intensity of this line undoubtedly both are present. In the series of the 
B’ band there is a great number of additional lines missing. Considering 
the relative faintness of this band it seems probable that the restrictions 
for missing lines are the same here as in B. For small 7 values the series 
may be represented by polynomials of the second degree (k=0, 1, 2) 
but for high 7 numbers there is a remarkable “red-shift” indicating the 
presence of the coefficients p4, ps, - - - 74, Tein (1). This is best observed 
in the P;, P2 series of the B’ band, which do not converge into any heads, 
the spacing between the lines again increasing for the highest numbers 
observed. There is also an abrupt cut-off in the intensity of these series. 
Anomalies of this kind, but of still more prominent form, have already 
been noted by Mulliken* in the C group of this spectrum and by Erikson 
and Hulthén‘ in the spectrum of AIH. One is inclined to attribute these 
properties to an extreme molecular instability.** 

The A group (Fig. 2) may be considered as two bands, A1(P1,Q:,R:) 
and A2(P:2,Q2,R2) having two different origins. As in B the A group is 
overlapped by the faint A’, having a similar structure to that of A though 
here shifted toward the violet. The boundaries in A have a very unusual 
shape. Thus in A; and A,’ the series for small 7 values develop as if the 
bands were going to “shade” toward the red (2, 72 in (1) are negative). 
From about j=8 the influence of higher terms of (1) appear and turn 
their “‘shading”’ into the opposite direction. 

In A; and A,’ the lines P,(1), P,(0) and R,(0) are missing, while the 
Q; branch can be traced down to its first line Q,(0). In Az and A,’ the 
Q2 series vanish totally below 7=5 and j7=6 respectively. The absence 
of several lines around the band origin seems to be a common property 
for the short wave-length components in many spectra of doublet 
bands.5 

As already mentioned the arrangements in Tables II to V are mainly 
based on the application of the combination principle to band spectra 
using simple assumptions regarding the nature of the emitter. Thus the 
lines are numbered according to the scheme: 


P;(j) =votF(j— 1 : je’) —fij, Je 
0i(j) =vot+F(j, je)—SG; je) (i=1,2) (2) 
Rij) =votFU+1, 7.)-fU, Je) 

‘ G. Erikson and E. Hulthén, Zeits. f. Physik 34, 775 (1925). ; 

5 Regarding the (C+H) spectrum see E. Hulthén, diss. Lund, 1923, p. 43, 45 


OH spectrum, W. W. Watson, Astrophys. J. 60, 145 (1924). MgH spectrum, W. W. 
Watson and Ph. Rudnick, Astrophys. J. 63, 20 (1926). 





BAND SPECTRUM OF CALCIUM HYDRIDE 105 


where j is the quantum numbers for the total angular momentum and j, 
the one for the resultant electronic angular momentum of the molecule. 
je may be divided into a ¢ component along the figure-axis of the dipole 
and an € component perpendicular thereto. Different values of j, cor- 
respond to rotational doublets as P;P2 and R,R: in the B-group. 

In Tables VI and VII the final and initial terms of rotation are isolated, 
using the following abbreviations: 


Ri(j—1) — Pi(G+1) =F +1) —Fi(j—1) = AF iy) 
Rij) — Pj) =f G +1) —fkG—1) = Afi) 


TABLE VI 


Values of the final and initial terms of rotation in the band spectra of 
calcium hydride 


B Cc A’ 
Afi Af Afi Af Afi 


, 25.37 
25.37 . 42.19 24. 
42.30 . 59.04 ‘ 41. 
59.21 ; 75.95 ‘ 57. 
76.03 ° 92.78 . 74. 


92.82 ; 109.50 , 90. 
109.60 126. 126.19 , 107. 
126.25 ° 142.88 ‘ 123. 
142.87 ‘ 159.33 , 139. 
159.52 : 175.85 ‘ 155. 


175.92 : ° 171. 
192.34 ‘ : 187. 
208 .67 
224.76 
240.79 


256.74 
272.45 
288 .21 
303 .76 
319.12 


334.25 
349.21 
364.08 
378.91 
393 .39 


407 .61 
421.71 
435 .60 
449.24 
462 .66 


475 .86 
488 .82 
501.62 
514.11 
526.38 


538.34 


(3) 





~. 





1 
2 
3 
a 
5 
6 
7 
8 
9 
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Comparing the Af of Table VI we find that they agree with each other 
for all groups, A, B, C. Consequently these groups are emitted by the 
same molecule and they have a common final state. Between Af; and 
Af. the following relation exists: 
AfiG+1) =Afe(7) +e 

where c is a very small constant (about 0.09 cm-'). In the C group, where 
no doubling appears, there is a close agreement between the values of 
Af and those of Af2, which shows that they must be identical. 


TABLE VII 


Values of the final and initial terms of rotation in the band spectra of 
calcium hydride 


A B .. A’ B’ 
AF, AFR ARK AR AF AK Am AK AF 


















. 

















1 27.95 24.2 

2 33.29 25.61 45.33 43.19 32.66 25 .00 

3 49.62 43.38 62.89 62.17 48.73 42.34 

4 65.85 71.63 61.08 80.47 81.14 64.20 59.66 

5 82.15 89.39 78.84 97.95 99.79 80.34 76.92 95.18 
6 98.43 106.94 96.45 115.60 118.15 95.79 94.16 112.46 
7 114.86 124.35 113.93 132.76 136.41 111.87 111.46 129.22 
8 131.39 141.47 131.37 150.08 154.35 127.87 137.70 127.83 146.04 
9 147.83 158.50 148.71 167.25 171.32 144.02 154.32 145.07 162. 7 


165.99 184.35 159.93 














11 180.68 192.37 183.22 201.33 176.04 187.57 178.36 195.84 
i} 12 196.93 209.02 200.09 218.20 192.11 204.74 194.48 212.35 
13 213.22 225.62 216.98 234.90 207.89 219.90 211.17 228.64 
14 229.37 241.92 233.82 251.55 223.77 236.03 227.49 244.57 


268 .06 239 .54 

















=e es Se a = 
= Se gE a Sse ~ 


—s 


ne 16 261.54 274.39 266.74 284.44 255.17 267.60 259.50 276.43 
i, 17 277.46 290.39 283.13 300.62 270.70 283.20 275.19 292.10 
‘ti 18 293.23 306.27 299.35 316.47 286.03 298.54 290.87 307.57 
19 308.90 321.86 315.26 332.31 301.28 313.91 306.38 322.84 


347 .89 






= Sree SS 


ie . , 363 .27 ‘ : ° 

.: 22 355.04 367.96 362.12 378.47 346.35 358.69 351.52 367.42 
Le 23 370.18 382.94 377.23 393.56 361.03 373.33 366.25 381.85 
‘i 24 384.99 397.76 392.30 a 375.43 387.60 380.68 396.04 













437.25 


27 428.53 440.95 436.12 451.26 417.74 429.79 422.44 437.15 
28 442.66 454.90 450.22 465.07 431.44 443.27 435.93 450.25 
29 456.50 468.59 464. 00 478.64 445.01 456.57 449.24 463.15 


492.01 


504.95 
517.72 
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The Q series in the A group do not fit into any simple scheme like that 
of (2) and probably not to any inter-combination between the F; and f; 
terms. Thus the numeration given in the tables is doubtful regarding 
these series. As in the P and R branches of A also here the long wave- 
length component Q, is far more intense than Q2 for small 7 numbers. 
It is also worth noticing that while in P and R the intensity of the lines 
at first slowly increase with their numeration, the lines of Q; almost at 
once gain their full strength. 

In the B group our view of the structure seems to be complete and 
identical to that of the violet cyanogen bands. In order to explain the 
missing lines in these bands Kratzer* excludes all transmissions from, 
or to, any states of 7=0. From this postulate he concludes that the 
lines R2(0) and P2(1) in the “false doublets” formed by R,(j), Re(j—1) 
and P,(j), P2(j—1) must be missing. This could not be controlled in the 
CN spectrum because of the small separation of the doublets around the 
0 lines. In the B group of CaH, however, these doublets are easily 
separated down to their origin and, contrary to the predictions of 
Kratzer, R2(0) and P2(1) are distinctly present. 

In our scheme the missing lines are explained by excluding only those 
values of 7 which render 

m=j—e<0 
m is the quantum number for the angular momentum of the nuclei. 
These properties are illustrated in — 3. 


m I 15°25 Q5-15 * 15705 25715 35-25 
Fig. 3. Doublets separations in Group B bands. 


In Fig. 4 the term structure for the entire spectrum is given by its 
electronic levels and additional vibration levels. While the N and B 
levels are noted as rotational doublets, we here refer to A, Az as an 
electronic doublet. These and other notations in the figure will be 
explained further down. 


ON THE NATURE OF THE EMITTER 
The theory of diatomic molecules, as developed by Kratzer,* Kramers 
and Pauli,’ gives the following expression for the spectral term due to 
the rotation or precession: 
FG) =B(Gt—0)Fe)*+ 26((f? 0 FO) + + - (4) 
* A. Kratzer, Ann. d. Physik 71, 72 (1923). : 
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Here j, o and ¢ are the notations given above (3). The double sign of e, 
introduced by Kratzer, indicates that the corresponding vector can stand 
parallel or anti-parallel to that of m. ¢ is generally supposed to be accom- 
panied by a double-signed 6 term, giving account of the influence of the 
molecular rotation upon the electronic system. Applying the theory to 
the empirical results in our Tables VI and VII we have: 


AF(j) =4B(j ¥ €) + 2Bo%e/(j?—1)+45+ --- 


Cc n-0 


—— 


B' n=l 


Az 


B n-0 9*S5 
rN —_—— 
Az4*P L 


4p Ty 











N’ nel { 


: 475 
N n=O q A 























Fig. 4. The electronic levels in the CaH spectrum. 


Obviously, as pointed out by several writers,® it is here impossible to 
distinguish between ¢ and 6 unless o is not present. Further, ¢ can not 
be detected unless ¢ is not present. Unhappily, the real support for the 
o, except for the appearance of Q branches and the postulate for missing 
lines, is given by only the first lines in a band series, and as these are 


7H. A. Kramers and W. Pauli, Zeits. f. Physik 13, 351 (1923). 

* For a more complete discussion of the Kramers and Pauli formula see: R. S. 
Mulliken, Systematic Relations between Electronic Structure and Band-Spectrum 
Structure I, II, III, Proc. Nat. Acad. Sci. 12, 144, 151, 338 (1926). In the following 
pages the writer in many cases follows the directions given in these very interesting 
papers. F 
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mostly very faint or entirely missing, our knowledge about ¢ is very 
uncertain. ¢ and 6 have to be considered from a theoretical point of view, 
¢ usually assuming fractional values }, 3, - - - and 6 being generally very 
small. In Table VIII the constants of (4) are given as calculated from 
the AF(j) of Tables VI and VII. 

The o values of Ai, Az (1/2 and 3/2 respectively) are chosen on the 
basis of the missing lines (j—j,.20). It is difficult to state whether in 
these terms a small ¢€ is present or not. In any case it is interesting that 
all through the terms of the table a distinct € appears in connection with 
an inconsiderable o and vice versa. In the C group the value e,= +2 
given by Mulliken® is changed into e; = —} on account of the close agree- 
ment between its final term with that of N2(€,=—4) and on adoption 
of half-quantum numbers for band spectra. Thus 6 in C turns out very 
large. However, considering the extremely unstable C term, indicated 
by the spectrum, this is not discouraging. It is also worth while to notice 
that according to our table no intercombination of the type +€:—¢€2+ 
occur. In the next to last column of the table the nuclear spacings ro 
corresponding to the different states of the molecule are given. 


TABLE VIII 


Values of the constants in Eq. (4) calculated from the values of AF(j) in 
Tables VI and VII 


6 9.108 





B 


Q 





4.225 


4.125 


4.09 
4.49 
4.01 
4.38 


4.400 +4 


4.308 +4 
4.912 -3 


+0.011 2.01 


+0.011 2.03 


2.03 14392 .30 
———— 1.94 14472 .20 
—_—- 2.05 

1.97 


—0.250 1.96 15753 .84 


—0.250 1.98 15738 .08 
—1.04 1.88 28353 .04 


SO SO HEHE O © 





From the simple theory of band spectra (Heurlinger, Lenz) we know 
that bands shaded toward the violet correspond to an increase of the 
nuclear spacing for the end configuration in the molecule. It is therefore 
somewhat confusing that though all bands of the spectrum are shaded 
toward the violet ro is larger for A; than for N:. The violet shading of Aj, 
however, as already mentioned, may be considered as an effect of the 
higher terms in (1) or in (4). 


* In the spectrum of HgH Mulliken (l.c.) finds a small o*e-term for the *P;, *S states. 
From a theoretical point of view, M. Born (Vorlesungen tiber Atom mechanik, Berlin, 
1925, p. 140) excludes the simultaneous presence of ¢ and ¢ in (4). 
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In Fig. 4, A’, B’ have already been assigned as vibrational states 
(n=1) of N, A, B. This assumption is confirmed when we consider 
their ro values, which all show an increase compared to those of N, A, B. 
Theoretically this is explained by the unsymmetric character of the 
mutual force potential of the ions around their equilibrium position 
(ro) in the molecule. The forces between the ions are indirectly measured 
by their vibration frequencies (w) as these appear in band spectra and 
according to a rule by Birge!® and Mecke"™ (based on a great number of 
spectra) the forces increase when ro decreases. Thus from the ro values of 
Table VIII we would expect 

WA; <n < Wp < WA, We 
while the spectrum shows: 
. WA, = WA, > WN > WB 


In the C term no vibrational state appears.’ Considering the minimum 
nuclear spacing of this state in connection with its low degree of stability 
we may say that the CaH molecule acts throughout in opposition to 
the rule of Birge and Mecke. 


ELECTRONIC LEVELS 


According to the theory of the structure of molecules, as this has been 
developed recently by Birge, Mecke and Mulliken, the spectrum of a 
molecule agrees with that of the “corresponding atoms or molecules’ — 
corresponding atoms and molecules having the same number of electrons 
in their coupled system. This comparison between the spectra of atoms 
and molecules has been worked out successfully for a number of diatomic 
molecules assigning their terms by S, P, D notations. In some cases a 
close agreement was found between the magnitudes and separations of 
the terms of corresponding atoms and molecules. 

Here considering the elements in the second column of the periodic 
table, the spectra of ZnH, CdH, HgH show a doublet separation parallel 
to that of the *P;,2 of their metal atoms.” Applying the alternative and 
displacements laws as developed for band spectra, Mulliken® and Mecke™ 
later on pointed out the parallel also existing between these separations 
and those of ?P;,2 in Cu, Ag, Au—the corresponding atoms. It is now 
very satisfying, that the A group of CaH forms electronic doublets 
(A,, A2and A,’, A2’) with separations roughly estimated to Av —80 cm, 


1” R. T. Birge, Phys. Rev. 25, 240 (1925). 

1 R. Mecke, Zeits. f. Physik, 32, 823 (1925). 
” E. Hulthén, Nature, Oct. 31 (1925). 

13 R. Mecke, Zeits. f. Physik, 36, 795 (1926). 
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which are of the same magnitude as the ?P;,2 of the potassium atom 
(Av =57.90 cm-)—here the corresponding atom. 

The A terms (?P;,2) of CaH may be pictured by an emission electron 
in a 42 orbit standing perpendicular (or nearly so) to the molecular 
figure axis. This explains the high stability of these states, a striking fact 
when we consider their various nuclear spacings. 

The N level is assumed as the normal (2S) level as indicated by the 
fact that it makes the final state for three different electronic transitions 
in the molecule. The failure of the CaH bands in absorption" is no serious 
argument against this assumption. Probably, the absorption of unstable 
molecules like those of MeH is a very complicated problem involving 
the stability and duration of the molecule. We know from the investiga- 
tions of hydride spectra that the state of minimum energy does not 
necessarily mean a maximal nuclear stability (consider the spectra of 
CuH, HgH, AIH, OH). 

In the N and B states the coupled electronic system of the molecule 
is assumed to be in the plane of the figure axis of the molecule (¢=0), 
its angular momentum standing parallel as well as anti-parallel to the 
axis of rotation («= +43). Because of these similarities between N and B 
they are both assigned 2S levels (compare them with the terms of the 
violet CN bands). In the C state the electronic system again is of € type 
(c=0) here however only the anti-parallel direction («= —4) of its 
angular momentum is present. Whether this is an effect due to the highly 
unstable characteristics of C or not, we do not know. Bands analogous 
to those of B and C have not yet been found in the spectra of ZnH, CdH 
and HgH. 

Finally it may be mentioned that the band spectrum of MgH (A5211) 
apparently corresponds to the A group of CaH and thus should be 
assigned by a ?P;,2.—%S transition. Also here the doublet separation 
(Av ~20 cm) roughly agrees with that of the corresponding Na atom 
(??P1,2=17). 

This work will be continued by an investigation on the spectra of 
strontium and barium hydride. The writer is indebted to the Director 
of this Laboratory, Professor H. M. Randall, for his very obliging and 
valuable interest in this work, and to the International Education Board 
for the award of a Fellowship. 

DEPARTMENT OF Puysics, 


Untversity oF MICHIGAN 
Sept. 30, 1926. 


“4 E. Hulthén and R. V. Zumstein, Phys. Rev. 28, 13 (1926). 
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CORRELATION OF THE FLUORESCENT AND ABSORPTION 
SPECTRA OF IODINE 


By F. W. Loomis 


ABSTRACT 


The lines near Hg5460 in Wood's fluorescent spectrum of iodine excited 
by the quartz mercury arc are identified with definite lines in the absorption 
spectrum. This identification furnishes the key to the analysis of the absorption 
spectrum. Values of the constants of the iodine spectrum, based on new measure- 
} ments, are as follows: for the unexcited state Bo’’ =0.037300 +0.000003, 
i Io’’ =7.42X10-* g.cm?, ro’? =2.66X10-* cm; for the excited state B’(26) 
L =0.023368+0.000005, J’(29)=11.83X10-*8 g.cm*, r’(29) =3.37X10-* cm; 
i C(29,0) = —0.013932, my’’(29,0) =1.677. The identification, in the absorption 
if bands, of both components of the fluorescent doublets makes possible the 
calculation of absolute rotation quantum numbers; and these furnish direct 
evidence for the hypothesis of half quantum numbers. Lines in Wood’s mag- 
netic rotation spectrum which show the “normal” direction of rotation are 
hg found to belong to P branches; those which show the opposite direction, to R 
(3 branches. 

, Three new series of fluorescent doublets, v(29,454), v(29,503) and »(29,514), 
extending to the —1 order, are found and formulated, and their relationship 
to bands (29,1) and (29,0) demonstrated. 

. Revised versions of Mecke’s equations for band heads, based on corrected 
y. numbering, and of the constants of four red bands, based on new computations, 
are given; and the apparent occurrence of Q branches in the red bands is 
shown to be due to the fact that the values of these constants are such as to 
cause the lines of the P and R branches to coincide. 

Hl Calculated values of the constants of the fluorescent series, based on the 
results of the new absorption measurements, agree well with the values of 
if these constants determined empirically from the fluorescent spectrum. Every 
detail is in agreement with the theory advanced by Lenz to account for the 
simple fundamental series of doublets excited by the narrow green mercury 


Ta. ee ee 


a Rg 
= se 


ay * jine. 
q NE of the notable successes of the modern theory of band spectra 


a Wood? on the fluorescence of iodine vapor excited by monochromatic 
: light. The spectrum reported by Wood was a series of approximately 
: equally spaced doublets, of nearly constant frequency interval, extending 
i from the doublet of “‘order’”’ zero, whose short-wave component coincides’ 
if with the exciting green mercury line, to the doublet of order 27, well 
down in the red. The simplicity of this spectrum offers a marked contrast 
to the very complex absorption spectrum, or to the fluorescent spectrum 
excited by white light. Nevertheless no explanation of it was put forward 
o | 1 Lenz, Phys. Zeits. 21, 691 (1920). 

| 2, R. W. Wood, Researches in Physical Optics, II (1919); Phil. Mag. 35, 236 and 
252 (1918). 


i is the explanation by Lenz! of the striking experiments of R. W. 
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until Lenz showed that it constitutes a clear example of the working of 
the Bohr selection principle for rotational quantum numbers. For, if 
only one absorption line is excited, all the excited molecules must be in 
the same state, having the same values of the vibrational quantum 
number n’ and of the rotational quantum number 7’. In the return 
transitions which accompany the emission of the fluorescent light the 
final value of j (i.e., 7’) is limited, according to the Bohr selection 
principle, to j’’=7’ +1; while, if the vibration is anharmonic, all values 
of 2’ are possible. The result is a series of lower energy levels arranged 
in fairly close pairs approximately evenly spaced; and a spectrum like 
that reported by Wood. 

When the exciting green mercury line was broadened by using a quartz 
lamp run at a high temperature it covered seven apparent iodine lines 
and the resulting spectrum was more complex. It then. consisted of 
groups of lines close to the original (the so-called “fundamental’’) 
doublets, tending toward the violet side of them in the groups of higher 
order, but having no apparent uniformity of pattern. Several new doublet 
series have, however, been found among these lines and empirically 
formulated by Mecke.** The form of Mecke’s empirical expression has 
been accounted for theoretically by Kratzer and Sudholt,' in harmony 
with Lenz’s theory of the fundamental doublet series; and they have 
been abie to make a rough calculation of the moment of inertia of the 
iodine molecule from the numerical values of some of the constants in 
Mecke’s series. Kemble and Witmer® have extended and revised the 
work of Kratzer and Sudholt, have identified the bands in the absorption 
spectrum to which the excited lines of most of Mecke’s series belong, 
and have made a more accurate computation of the moment of inertia. 

An important objection to Lenz’s theory, and one which holds equally 
aganist those of Kratzer and Sudholt, and Kemble and Witmer, has, 
however, been put forward by Mecke.* He has studied the absorption 
spectrum, choosing four bands in the red region to avoid the complexity 
of the numerous overlapping bands in the green, and has found that these 
bands apparently consist only of Q (null) branches, corresponding in 
band spectrum theory to transitions with j’’ =j’, whereas it is a necessary 
assumption of the Lenz theory that only transitions to j’’ =j’ +1 should 
occur, and hence that the absorption bands should consist of R and P 
(positive and negative) branches. 


* Mecke, Zeits. f. Physik 7, 73-85 (1921). 

* Mecke, Ann. d. Physik 71, 104-134 (1923). 

® Kratzer and Sudholt, Zeits. f. Physik 33, 144-152 (1925). 
® Kemble and Witmer, Phys. Rev. 28, 633 (1926). 











114 F. W. LOOMIS 


In the present paper the fluorescent lines in the zero order have been 
identified with definite lines in the absorption spectrum, and this identifi- 
cation has served as a clue to the unravelling of the complex overlapping 
absorption bands in the green. It is shown that they consist of R and P 
branches as required by the Lenz theory. Precise calculations of the 
absolute rotation quantum numbers, based on this identification, agree 
closely with the hypothesis of “half-quantum numbers.” Accurate values 
of the moment of inertia and other constants of the iodine spectrum have 
been computed and an extrapolation into Mecke’s red region has shown 
that his apparent finding of Q branches was due to an unfortunate 
accident in the selection of four bands in which the lines of the R and P 
branches overlapped so closely as to be inseparable with his resolution. 
Three new fluorescent series of a slightly different type are also reported 
and assigned to their place in the absorption spectrum. And the assign- 
ment of absorption lines to their R and P branches has made it possible 
to demonstrate the regularity in Wood’s magnetic rotation spectrum. 
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Fig. 1. Fluorescent series. The blackness of the points roughly indicate the intensities. 
MECKE’s FLUORESCENT SERIES 


The series in the fluorescent spectrum excited by the broad green line 
are exhibited in Fig. 1, which is like one made, but not published, by 
Mecke.’ Here the ordinate is », the order® of a group, and the abscissa 
is y— F(p) where v is the frequency of any line and 


F(p) = 18307.5 — 213.667p+0.592p2-+0.00207p* (1) 


7 L.c. page 75. R. W. Wood, Researches in Physical Optics, II, p. 33, published a 
similar diagram, but in terms of wave-length, in which the doublet series lie on curved 
lines and are consequently more difficult to pick out. 

§ It is convenient to follow Wood’s nomenclature in which a fluorescent line which 
coincides with some part of the exciting mercury line is called a ‘resonance line,” the 
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is Mecke’s formula for the series of main lines of the fundamental 
doublets. In this arrangement the main line of each fundamental doublet 
is brought to the axis of ordinates, and each doublet series is represented 
by a pair of nearly parallel straight lines. Nine of the ten doublet series 
which Mecke reported, slightly modified by Kratzer and Sudholt and 
by the writer, as explained below (see Table V), are indicated in Fig. 1 
by continuous lines. The tenth, v2’, is omitted, because the writer has 
found it to be illusory. The broken lines represent new series to be 
described below. 
Mecke’s empirical formulas‘ for his series are as follows: 

vo = F(p) +(3.8) vo =F(p) +(-—5.0) 

vo’ = F(p) +(4.5) 0" = F(p) +(—6.0) 

vy, = F(p)+0.66p+(11.6) »)' =F(p)+0.75p+(—12.5) (2) 

ve = F(p)+1.33p+(16.0) . veo =F(p)+1.5p +(—?) 

vs = F(p)+1.95p+(19.0) v3’ =F(p)+2.2p +(—19.7) 
where the quantities in parentheses are the doublet intervals ani if 
omitted leave the expressions for the main lines, but if included give the 
companion lines. The constant terms in the parentheses will be denoted 
by d; and the coefficients of p by y;. The “fundamental series’’ of doublets 
is Vo. 

RECALCULATION OF MECKE’s ABSORPTION DATA 


Mecke‘ has measured the iodine absorption band heads in the region 
5000—7000A and has shown that they all belong to the same band 
system, for which he publishes a formula in terms of two arbitrary 
parameters, m, and m2. For several reasons he concludes, correctly, that 
m2 corresponds to nm’, the upper level vibrational quantum number, but 
increases as m’ decreases. As m2=26 seems to be a limiting value he 
concludes that it is the zero of m’ and sets m’=26—m,. An inspection 
of Fig. 2 will show that this is only an approximation and that some 
future investigation may necessitate changing all the values of nm’ by a 
few units or half units. Since, however, only relative values of m’ are 
needed in this paper, it is simplest to retain Mecke’s assignments of n’ 
for the present. Similarly, he concludes that m, corresponds to, and 
increases with, »’’, the lower level vibrational quantum number. And, 
since the coefficients of m;, 7:2, and m;° are sensibly the same as those of 
pb, #® and p* in the expression (1) for Wood’s fluorescent doublets he 





component of any doublet which is on the same side as the resonance line of the series 
to which it belongs is called the “main line,” and the other component the ‘‘companion 
line.” The “order,” p, is the ordinal number of a group, counted from the “group of 
zero order” which contains the resonance line. 











116 F. W. LOOMIS 


justifiably identifies m, with ». He is, however, mistaken in concluding 
from Pringsheim’s® observation of antistokes groups as far as the —4 
order, that the zero of m’’ must be at least 1: =p=—4. For, while it is 
true that the zero of a series having antistokes members must be at least 
as low as the lowest member, the fundamental series, for which p=m, 
does not contain any antistokes members; nor do any of the series (2) 








O 10 20 30 
. 
+++ 
+4444 
+4444 
++44444 
+4+444+ 
+4444 
$333 
ss +++4+ 
10 ++++ 
++++ 
++4++ 
++4++ 
+++ + 
+++ + 
+44 
3 
20-333 
’ +++ 
n ++ 
++ 
++ 
@@ ©0000 0 0000 0000 0 00 OC OC 
$3 Cc000 CO O ° 
> tl oe ee, 
° 
30—++ 
+ 
t 
+ 
+ 
+ 
z 
40—+ 
+ 
+ 
+ 
+ 
+ 
+. 
+ 
4 
_— 
50 * 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
60— 








Fig. 2. Numbering of absorption bands. 


which Mecke has found in the fluorescent spectrum, as can be seen from 
an inspection of Fig. 1, and as is evident from their y’s, which, according 
to the theory of Kratzer and Sudholt, are so small that they must belong 
to series with the same 4, i.e., having the same number of vibrational 
quanta before excitation, as the fundamental series. It is a safe assertion 


* Pringsheim, Zeits. f. Physik 7, 206 (1921). 
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that the bands to which the zero order fluorescent lines of the funda- 
mental series and of Mecke’s series belong have the least possible value 
of n’’. There is at present no way to ascertain whether or not this mini- 
mum value is zero. Quite probably, in the light of the new quantum 
mechanics!® and by an analogy with the findings from isotope effect 
measurements by Mulliken" and Watson” in the spectra of BO and 
MgH, the minimum value will be 3}. However, we shall, in this paper, 
for simplicity, assume it to be zero and set n’’ =n, => for the fundamental 
series and others having no antistokes members. For any series having 
fi antistokes members, n’’=n,=p+%. No errors introduced in this way 
will be serious enough to affect our arguments. Using this numbering, 
the expression which represents Mecke’s band heads becomes: 
y(n’, nm’) = 15597.70 + (126.59n’ — 0.755n’? — 0.0033n’) 


— (213.76n" — 0.596n"’? — 0.0021n"3) 


Mecke’s measurements of band heads are good only to about 0.5 cm and 
Kemble and Witmer have shown that the heads lie within a few lines 
(2 in the green, or about 0.05 cm~) of the origin, so that Eq. (3) is equally 
valid for band origins, and can be compared with the usual theoretical 
expression 
o(n’, mn’) = ve + (wn! — 2wx'n’? - - -) 

an (wn! aoe eo!’ xe!'n!"2 “ ) (4) 
Mecke™ mentions that Eq. (3) does not adequately represent the bands 
with large m”’s, and probably terms in higher powers are required. It is 
the writer’s intention to attempt to improve it when he has completed 
the accurate measurement of certain absorption bands on which he is 
now engaged. 

The crosses in Fig. 2° show all the absorption bands found by Mecke, 
plotted according to the assignment of m’ and n’’ numbering just ex- 
plained. The circles show the bands to which the doublets in Mecke’s 
fluorescent series belong, the values of m’ being those assigned by Kemble 
and Witmer. 

Mecke has also measured the individual lines of the four bands (4,7), 
(4,8), (5,7) and (5,8), which lie in the red, where the lines are less numerous 
and resolution easier than in the neighborhood of the green mercury 
line. He has found, as has been stated, that they appear to consist of Q 
branches and has represented them in the form 

vy = vg + CM? (5) 

© Heisenberg, Zeits. f. Physik 33, 879-893 (1925). 

" Mulliken, Phys. Rev. 25, 259-294 (1925). 


® Watson, Nature, May (1926). 
8 Cf. Mecke’s Fig. 4, l.c., p. 133. 


(3) 
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where M represents the ordinal number, starting from the head, and C 
is approximately —0.008. He states that, since he was unable to resolve 
the bands within about 30 lines of the heads, his numbering, M, may be 
wrong by a few units. The error in numbering is, however, a constant 
throughout the four bands; i.e., his relative numbering is correct. For, 
although a change of, say, +1 in the M’s of any of the pairs of bands 
in (7) would not result in a detectable combination defect, it would 
introduce into (7) a linear term of the order of 0.016M which is not 
admissible, since (7) is the difference of two equations like (5). 

He has also found that C varies from band to band, as indeed it should, 
since’ 


C=B’—B" = (Bo’—a'n’) — (Bo! —a''n'’) ; (6) 


and he has represented the differences between corresponding lines of 
the four bands as follows: 


tp 
(4,7, M)—»(4,8, M) =0(5,7,M)—»(5,8,M) =const. +0.00011M2 
v(4,7,M)—v(5,7,M) =r(4,8, M)—r(5,8, M) =const. —0.00015M?2 


which means that a’’=0.00011 and a’=0.00015. Since the quantities 
C, a’ and a’’ are of fundamental importance in all the theories of the 
fluorescent series, and were only roughly evaluated, the writer has re- 
computed them from Mecke’s data, in the following manner. M was 
determined for some of the first resolved lines in each band from Eq. (5) 
using both measured and extrapolated values of vg and approximate 
values of C. In this way it was found that all his M’s were approximately 
4 units too large. If one is to assume that Mecke’s apparent Q branches 
are really P and R branches whose lines coincide, the head must have an 
m either coincident with that of some line or midway between two lines; 


(7) 


4 This paper follows the notation usual in treating of band spectra; specifically that 
in the recent report on ‘Molecular Spectra in Gases” by a committee of the National 
Research Council. Primed letters refer to the upper energy level, double primed letters 
to the lower level, letters with a bar over them refer to the state of the molecule before 
absorption. m, 7 and m are the quantum numbers corresponding to vibration, total 
angular momentum and nuclear angular momentum respectively. The rotational 
energy is expressed as hBm*, where B=By—an, and By=h/8x°cI, I=mr*/2 being the 
moment of inertia; and a depends on the law of force between the nuclei. Since j’—j” 
= +1 it follows, if one sets m’=j’—p’ and m” =j” —p”, that m’—m"” = +1—(p’—p”). 
The resulting expressions for the frequencies of band lines are: 

»(n’,n"’,m',m") = ov(n’,n’’) + B’m’?— Bm’ 

= »(n’,n"”) —B’ [1 F 2(p’—p") + (0’ —p"”)?]+2B"[+1—(p'—p”) ]m’+Cm" (a) 

= (n',n"’)+B'[1 - 2(p’ —p”’) + (p’ —p”)?]+2B'[ +1 —(p’—p”’) |\m"+Cm'"? 
where C = B’—B” and the upper sign of each double sign refers to the R branch. o»(n’ ,n’’) 
is the band origin and is given by Eq. (4). These expressions are simplified, if one sets 
p’ =p” to v=w~—B" +2B"m'+ Cm"? =w+B'+2B'm"+Cm", which is very probably 
correct in the light of results below. 
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i.e., the M’s must be either nearly integral or nearly half-integral. 
Much the best values which satisfy this condition are obtained by sub- 
tracting 4 from Mecke’s M’s, leaving the corrected M’s integers and 
signifying that the head coincides with a line. The corrected M’s were 
then used in Eq. (5) to calculate, by least squares, the constants vg and 
C for band (5,8). The results were: 
va(5,8) = 14540.44, C(5,8) = —0.00808 

The frequency differences between corresponding lines of different bands 
were then formulated, as in (7), by least squares, using the corrected 
M’s, with the following results: 


»(4,7,M)—»(4,8, M) =204.51+0.000119M? 
»(5,7,M)—»(5,8, M) =204.54+0.000118M? 
»(5,7,M)—»(4,7,M)=119.54—0.000175M? 
»(5,8,M)—»(4,8, M) =119.46—0.000156M? 


yielding the weighted mean values a’’=0.00012, a’=0.00017. The 
changes from Mecke’s values of a’ and @’’ are largely due to the correction 
of the M’s. As Mecke’s C needs only very slight correction, he pre- 
sumably calculated it by the method of second differences, which is 
independent of the absolute numbering. 

If we anticipate a little by taking B’’(0)=0.0373 from (11), we can 
combine it with the data just obtained to calculate, on the justifiable 
assumption that p’—p’’=0 in Eq. (a), footnote 14, the line numbers 
of the band heads, 


(8) 


my" = B'/(B" — B’) =B'/—-C : (9) 
and the frequencies of the origins, 


ov =vq— B’B"/(B" —B’) (10) 
For 


B"(}) =B'(0)—Ba"’ = 0.03634 
B’"'(7) = B" (0) —7a"’ =0.03646 
B’(5) = B’’(8)+C(5,8) =0.02826 
B’(4) = B’(5) +a’ =0.02843 
B'(0) =B'(5)+5a’ = 0.02911 
The results are exhibited in Table I. 


(11) 


TABLE I 


Constants of the red bands 
B" 
-03646 
-03634 
-03646 
-03634 
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Now it will be shown below that the m’s of the iodine bands are half- 
integers, so that the numbers in the fifth column of Table I indicate that 
the heads of all four of these bands very nearly coincide with lines, and 
that consequently the lines of the P and R branches nearly cover each 
other. It is because of his unfortunate selection of these particular bands, 
coupled with the smallness of my’’, which brings the origins far within 
the unresolved region near the heads, that Mecke appeared to find Q 
branches. These values of my’’ also check the correction of exactly —4 
which was applied, above, to Mecke’s M’s; for, if the heads closely 
coincide with lines, the M’s, which are line numbers counted from the 
heads, must be nearly integral. 

25 . 








! 
100 


Millimeters 








Fig. 3. Mecke’s green series. 


It would have been more pertinent to the problem had Mecke been 
able to measure the absorption spectrum in the neighborhood of the 
green mercury line which excites the fluorescence, but the density of 
lines was there too great for the resolution of his instrument. Wood 
photographed this region with his 40 foot spectrograph, but gives only 
the wave-lengths of the seven absorption lines which are covered by the 
wide green mercury line. He publishes a reproduction" of a part of this 
spectrum, but it contains only one comparison line (Hg5460) and the 
scale can be only roughly determined as about 30 mm/A. Mecke has 
found three series of regularly spaced lines in this reproduction which he 
calls Ia, Ib and II. They are shown in Fig. 3'* in which the abscissas 

4% Wood, Researches in Physical Optics II, plate Ia. Phil. Mag. 35, 236-252 (1918) 


plate VIa. 
6 Mecke, I.c. Fig. 3, page 128. 
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are positions of lines on Wood’s reproduction, in mm; and the ordinates 
are arbitrary parameters assigned by Mecke. The absorption lines 
which Wood has numbered 2 and 5 belong to series Ia, 3 and 7 to Ib, 
and 1 and 6toII. Line 4 does not belong to any of them. Mecke mentions 
that series Ia and Ib, which are very similar, may be positive and negative 
branches, but considers them more probably electronic doublets. 


IDENTIFICATION OF FLUORESCENT LINES IN THE ABSORPTION SPECTRUM 


It has occurred to the writer, however, that there are good reasons 
for identifying these series Ia and Ib with the R and P branches which 
are required by the Lenz theory in the band which excites the fluorescent 
series Vo, ¥o*, Yo’ and vo*’. These series, which all have y=0, must accord- 
ing to Kratzer and Sudholt’s equation” '* 


Ve= 20 x!" (5 — to’) +a” (iM? — Mo") 
= 1.192(n;— vio’) +0.00012(%,;? —iig’*) 


all be excited by lines in the same band, which must therefore contain 
four lines within the broad green mercury line. This is corroborated by 
calculation of the spacing, near Hg5460, between successive lines of the 
branch which excites the series vo’, from the values of B, C and 7 of this 
band published by Kemble and Witmer or from the writer’s revised values 
in this paper. The calculated spacing is": 


dv/dm= + 2B’+2Cm=—0.82 cm-! (13) 


whereas the width of the mercury line is about 1.3 cm. Now series la 
and Ib supply the four lines needed, and their spacing is about 7.45 mm 
on the reproduction, which corresponds to dvy/dm=-—0.83 cm and 
agrees well with that just found from data on fluorescence. Moreover 
the position of the head of the band which excites v9’, calculated from 
fluorescent data, using Eq. (a), footnote 14, and Eq. (10) and the approxi- 
mation p’—p’’=0, is 18323, while the head of the series Ia and Ib is, 
according to Mecke’s extrapolation’® at 18320.9, and by Eq. (3) vg#(26,0) 


(12) 


17 1.c., pp. 147 and 150. 

18 Detailed proofs of this equation and of most of the others in this paper are to be 
found in the writer’s Chap. VI of the recent report on ‘Molecular Spectra in Gases” 
by a committee of the National Research Council. 

1% L.c., p. 128. Mecke also states that the fluorescent series vo, vo*, vo’ and vo*’ are 
surely excited by the absorption series to which lines 2, 3, 5 and 7 belong; »; and »y’ by the 
series containinz lines 1 and 6; »2 and v2’ by that containing line 4; and »3 and »’ by the 
series containing line 0, which coincides with a satellite of Hg5460. Except for »3 and 
vs’ these assignments agree with the conclusions of the present paper. But Mecke does 
not arrive at any assignment of the individual fluorescent series to individual absorption 
lines. 
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= 18320.97. Moreover line 11 of series Ib is Wood’s absorption line 3 
which nearly coincides with the narrow green mercury line and certainly 
excites the fundamental series vo’. 

Wood has made a number of tentative suggestions, based on experi- 
ments in which the exciting light was varied by filtering with bromine 
vapor, etc., as to which absorption lines account for which fluorescent 
lines, but neither he nor others®® have considered them conclusive, and 
as it turns out, many of them are wrong. The ascription of series vo’ to 
absorption line 3, about which there can be no doubt, together with 
Mecke’s arrangement of absorption spectrum lines into series Ia, Ib 
and II, is, however, enough of a start to permit the identification of the 
lines which excite the other fluorescent series with some certainty. 

Series vo’ and »o*’ have a negative doublet interval and their main 
lines must therefore belong to the R branch. It follows that series Ib is 
the R branch and that line Ib 12, the other line in this series within the 
green mercury line, excites vo*’. Lines Ia 11 and Ia 12 must excite series 
vo and yo*. Since the companion lines of series vp have lower frequency 
than those of vo*, its exciting line must also be the one with lower fre- 
quency, or Ia 12; and Ia 11 must excite »)*. These assignments are 
checked by the corrected doublet intervals which they yield. The 
doublet intervals originally reported by Mecke, necessarily based on 
subtraction of the frequency of the center of the unresolved main line 
group from those of the observed companion lines, were as follows: 

Avo= +3.8 Av,* = +4.5 Av)’ = —5.0 Av,*’ = —6.0 
They should, since they are due to excitation of adjacent lines in the two 
branches of a single band, be equal in pairs. Now that we have identified 
the individual main lines of the several series we can use their measured 
frequencies (see Table II) to find much better values of the zero order 
Av’s which are as follows: 

Avo= +4.4, Avo*=+4.3, Avo’=—5.0, Av;*’=—5.2 
It will be seen that they are very nearly equal in pairs, as they should be. 

It is natural to expect that the next strongest absorption series in the 
5460 region will be the R and P branches of the band (27,0) which 
excites the fluorescent series v;’ and v;. The spacing between successive 
lines in either branch of this series, calculated as above, should be 
2.11 cm, whereas Mecke finds the single series, II, with a spacing of 
10.0 mm corresponding to 1.12 cm, or about half what one should 
expect. The natural conclusion is that alternate lines of this series II 
belong to the R, the others to the P, branch. Lines II 12 and II 11, 


20 Mecke, l.c., p. 127. 
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which are the two lines of this 
series within the green mercury 
line, should be assigned to series 
vy; and v;’ respectively (and not 
vice-versa), because this gives cor- 
rected doublet intervals in the zero 
order, Av; =12.0 and Av,’ = —12.7, 
which agree well with those in higher 
orders (see Fig. 7), while the alter- 
native assignment gives Av,;=10.9 
and Ap,’ = 11.6, which do not. 
Series v2 is assigned by Wood to 
absorption line 4 because it is the 
first new series to come out when 
the narrow mercury line, which lies 
between absorption lines 3 and 4, 
is broadened, either by raising the 
potential from 30 volts, which ex- 
cites only the fundamental series, 
to 60 volts, or by using end-on 
emission. We can now be sure of 
this point because line 4 is the only 
absorption line shown on the re- 
production, which has not been 
assigned by Mecke to his series Ia, 
Ib or II. Line 4 consequently be- 
longs to the P branch of band (28,0) 
since v2 has a positive doublet in- 
terval. Mecke’s series v2’ is prob- 
ably illusory. Itis based on only 
5 main lines and no companion 
lines, although the intensity of the 
twocompanions of a doublet should 
be equal unless they happen to be 
unequally reabsorbed. Moreover 
all the supposed main lines fitabout 
equally well into other series. This 
point is confirmed by the writer’s 
work on absorption bands in this 
region, described below, wherein it 
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is found that no line of the R branch of band (28,0) lies within the broad 
green mercury line. 

No more lines within Hg5460 are left to account for series vs and vq’ 
but the writer’s absorption measurements on band (29,0) show that a 
line on its R branch coincides with line 2 and one on its P branch with 
line 5. See Fig. 6. The above assignments are summarized in Table II. 

Having identified the main lines in the absorption spectrum it is easy 
to pick out the corresponding companion lines by adding or subtracting 
the known doublet interval. The resulting correspondence is also shown 
in Table II. The fact that both main lines in the Ib series turn out to 
have companion lines in the Ia series, and vice versa, and that the com- 
panion line of II 11, an odd numbered line, is II 22, an even numbered 
line, is a good check on our interpretation of these three series. 

Wood! has investigated the rotation of the plane of polarization of 
mercury arc light passed through iodine vapor parallel to a strong mag- 
netic field, and has reported that, for five of the absorption lines 1-7, the 
rotation is as shown in the seventh column of Table II. Here a + sign 
indicates the normal direction of rotation, the same as for the D lines of 
sodium. It will be seen that we have been forced to assign to a P branch 
every line which shows + magnetic rotation and to an R branch the line 
which shows — magnetic rotation. The apparent partial exception in 
line 2, which shows a + rotation and has been assigned to the P branch 
of band (26,0) and to the R branch of band (29,0), is accounted for by the 
faintness of the (29,0) lines this far from the origin. This result, by its 
regularity, tends to confirm our assignment of absorption lines. It may 
also be of value as a check on any proposed theory of the Zeeman effect 
in band spectra. 


NEw ABSORPTION MEASUREMENTS: HALF QUANTUM NUMBERS 


Having identified in the absorption spectrum both lines of the fluores- 
cent doublets, we know which lines in the R and P branches of bands 
(26,0), (27,0), (28,0) and (29,0) have the same m’, and can easily deduce 
which have the same m’’. That is, we know the values of m’ except for 
a single additive constant for each band; and similarly we know the 
values of m’’ except for a possibly slightly different additive constant 
in each band. Thus (see Table II), lines Ia 17 and Ib 11 are the Pand R 
branch components of the fundamental doublet of zero order, and must 


*1 Wood, Researches II, pp. 85-94; Wood and Ribaud, Phil. Mag. 27, 1009-1018 
(1914). The magnetic rotation spectrum was made with vapor of high density and 
disclosed the existence of a new absorption line, 4’, which does not show on the repro- 
duction.“% This line has not yet been assigned to any band. 
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have the same m’. If one denotes m’ in the P branch by m’=a+A’, 
where a is Mecke’s arbitrary numbering, it then follows that in the R 
branch m’=b+6+A’. Similarly lines Ia 16 and Ib 12 must have the 
same m’’ and if in the P branch m’’=a+A”’ then in the R branch 
m''’=b+4+A’’. It can easily be verified, by reference to Table II, that 
these equations also assign equal values of m’ to both components of the 
doublets Avo, Avo* and Avo*’. We are now in a position to plot the fre- 
quency differences," 


ve(m’) —vp(m’) = 4B" (mr +1) =v9(b) —va(b +6) =4B’(6+5+A”) 
and 


14 
va(m'’) —vp(m"’) = 4B’ (mr’ —1) =2(b) —va(b +4) =4B'(b+5+A’), (14) 


against Mecke’s arbitrary R branch numbering, ); to find 4B’’ and 4B’ 
from the slopes of the graphs; and to determine A’’ and A’ and hence the 
absolute numbering of the lines from the points at which the frequency 
differences extrapolate to zero. 

The writer did this at first using the wave-lengths of the fluorescent 
lines as reported by Wood to determine the scale of his absorption 
spectrum reproduction, on which companion lines are lacking. The values 
of B’’ and B’ so obtained, while they agreed satisfactorily with those 
calculated, as explained below, from the constants of the fluorescent 
series, could hardly be trusted to more than a few percent, since they 
depended on measurements made on a printed reproduction, which may 
have become distorted, which covered a very short region of the spectrum, 
and whose scale had to be found from fluorescent data of only moderate 
precision. 

Much better results have, however, been obtained by analyzing some 
new plates of the iodine absorption spectrum taken with a 20 foot 
spectrograph by Wood and Klingaman for a forthcoming paper” and 
kindly made available to the author in advance of publication. Starting 
from the lines picked out by fluorescence it has already proved possible 
to identify with certainty some 100 or 200 lines in each of seven bands 
overlapping the green mercury line. The complete results of the analysis, 
which is still in progress, will be published later. But Fig. 4 represents 
the frequency differences (14), for band (26,0) plotted against b; and 
their linear extrapolation to locate the origin of absolute numbering. 
It is apparent from the graph that the lines cannot intersect the axis at 
integral values of b. The equations of these graphs have been determined 
by least squares from the frequencies of many more lines than are plotted 


® Wood and Klingaman, Phil. Mag. (in press). 
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in Fig. 4; including those of several other bands, some of which were 
followed to values of m as high as 150. For these bands m*,terms had to 
be added to Eqs. (14). The constants of interest here are: 

B’(29) =0.023368 + 0.000005 A'=17.5 

B” (0) =0.037300+0.000003 A” =18.551+0.055 

C(29 ,0) = —0.013932 m''1(Eq. 10) =1.677 (15) 

I'(29) =11.83X10-* g. cm? r'(29) =3.37X10-* cm 

Io’ =7.42X10-* g. cm? ro’ =2.66X10-* cm 

If =9.51X10-*g. cm? ry =3.01X10° cm 


Vp(m")-Vp(m") 





FE ee mam 
-20 -10 b? 10 20 


Fig. 4. Determination of the m’’s, m’’’s, B’ and B”’ for band (26,0). 


These values of A’ and A’’, or those of m’ and m’’ which are deduced 
from them and which are given in Table III together with those similarly 
deduced from other bands, are evidence for the doctrine of half quantum 
numbers; or at least definitely disprove the earlier hypothesis of integral 
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numbers, and are consistent with that of half-integral ones. They may 
perhaps be considered as direct evidence as any yet available on this 
point, since the assignment of the same m’ to both members of a fluores- 
cent doublet is indisputable. Because the computed m’s are half integers 
within their probable error, they have for simplicity been taken as exact 
half-integers in the writer’s further analysis of the absorption bands, 
though slight deviations from half integers have been found in the bands 
of other substances. 


TABLE III 


Results of new absorption measurements 





Band ; frequency of companion line 
in absorption in fluorescence 


(26,0) 18311 .37 18311.4 
18312 .04 18312.1 

18302 .36 18302 .5 

x 18301 .36 18301.4 

(27,0) 18318 .82 18318 .9 
18295 .22 18295 .3* 

(28,0) 18323 .45. 18323 .6 

none none 

(29,0) , 18326.23 18326 .3 
off plate 18287 .9 








*Wood gives 18294.8. The value in the table is from a remeasurement of his repro- 
duction. 

The measured frequencies, in the region covered by the zero order 
fluorescent group, of the absorption lines of the four bands, (26,0), (27,0), 
(28,0) and (29,0), which account for Mecke’s fluorescent series, are 
plotted in Fig. 5 against the computed values of m’. The observed 
fluorescent doublets are also indicated, so that this figure serves to show 
the relationship between these doublets and the absorption spectrum. 
It will be seen that the requisite lines within Hg5460 have been found 
in these bands to account for all Mecke’s fluorescent series except v2’; 
and reasons have been given for believing that this one is illusu y. 
Band (30,0) is also plotted in Fig. 5 and it is evident that it contains no 
line within the wide green mercury line; which explains why there are 
no series vg and »4’. It is perhaps worthy of note that the characteristic 
of band (27,0) which led Mecke to assign the lines of both branches to 
the single series II, i.e., the falling of the lines of one branch midway 
between those of the other, is part of the general picture. This can be 
seen by finding the vertical distance between the R and P branches of 
each band in Fig. 5. This quantity which might be written ma’ (v) —mp’(v) 
is 5.64, 5.50, 5.35, 5.20 and 5.07 for the bands (26,0) to (30,0) respectively. 
It changes regularly from band to band but happens to be exactly a half 
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integer for band (27,0), giving rise to the misleading appearance of this 
particular band. In fact, the analyses of bands (29,0), (30.0) and others 
in which fluorescent lines had not been identified, were started by making 
approximate extrapolations for mpr’(v) —mp’(r). 


NEw FLUORESCENT SERIES WITH ANTISTOKES MEMBERS 


The fundamental series of doublets definitely does not extend into the 
antistokes region, since prolonged exposures made by R. W. Wood with 
Cooper Hewitt excitation, though they brought out the positive orders 
with great intensity, failed to show any trace of the fundamental doublet 
series in the negative orders. It follows that the # of the fundamental 
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Fig. 5. Relation of the fluorescent doublets in the zero order of Mecke’s series to their 
absorption bands. 
series, i.e., the number of vibrational quanta which the molecules con- 
cerned in its emission possessed before excitation, must be the minimum 
possible value of m, presumably 0 or 3. And, since Kratzer and Sudholt 
have proved that all Mecke’s fluorescent series have the same 4%, it 
follows that none of them can have antistokes members. The question 
then arises as to the origin of the group of five lines in the —1 order of 
the spectrum excited by the quartz lamp; and whether there are any 
lines in other orders which belong to the same fluorescent series. Wood 
does not record the wave-lengths of these lines, but they appear ciearly 
on his reproduction. The writer has measured them from the repro- 


23. R. W. Wood, Researches in Physical Optics II, Plates IIm and y; Phil. Mag. 35, 
236-252 (1918), Plate VIIm. 
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ductions and they are given in the third 
column of Table IV and plotted in Fig. 1. 
The accuracy is less than for the posi- 
tive order lines which Wood measured 
on his plates. It is obvious from Fig. 1 
that they do not, as they should not, be- 
long to any of Mecke’s series, which are 
indicated by continuous lines. On ‘the 
reproduction the similarity of this group 
to the +2 group is striking; and also 
significant because the fundamental 
doublets are too faint to appear in the 
+2 order, and it is therefore likely that 
no lines belonging to Mecke’s series will 
be found there, and that all the +2 lines 
belong to series containing antistokes 
members. On drawing straight lines, 
in Fig. 1, through the corresponding 
lines of groups —1 and-+2 it is evident 
that several of them hit previously un- 


(29,1) 


Absorption Lines 








assigned lines in higher orders, and very 
probably represent new fluorescent 
series. Three plausible new series of 
doublets can be identified, their main 
lines being resolved in the 2nd and 3rd 
orders, though appearing as a single 
strong hazy line in the reproduction of 
the —1 group. They are represented by 
approximately parallel lines with a y of 
about 1.38. Computing # roughly from 
the doublet interval and the constants 
which have been found for bands in this 
region by Eq. (14) and substituting in 
(12) it is evident that #—#,’=1, and 
that these series are excited by a band 
whose n’’=1, and end in‘the —1 order. 
One can also use these #i’s in Eq. (a), 
footnote 14, and Eq. (10) to find the 
frequency of the head of the band to 
which they belong. The results identify 
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it as band (29,1) whose head calculated by (3) is at 18340.6 cm—. This 
identification is amply confirmed by the writer’s measurements of the 
line frequencies of bands (29,1) and (29,0) on Wood and Klingaman’s 
plates. One line in the P branch of (29,1) and one in its R branch are 
covered by the mercury line itself, and another R branch line is Wood’s 
absorption line 0 which coincides with a satellite. These correspond 
to the one doublet with companion line on the high frequency side 
and the two with the companion lines on the low side. The frequencies 
of the lines in this band which have the same m’ as the three lines which 
coincide with the green mercury line and its satellite, are given in Table 
IV, column 10. It will be seen that they are sensibly equal to the fre- 
quencies, in column 4, of the zero order lines in these- new fluorescent 
series. The latter, which are apparently too faint to appear in fluore- 
scence, were interpolated; in the case of the companion lines, by drawing 
straight lines in Fig. 1 between the corresponding points in the —1 and 
+2 orders; in the case of the main lines, by drawing lines through the 
3 points representing the main lines of the +2 order, parallel to those 
just drawn through the companion lines. Moreover, the absorption lines 
of band (29,0) which have the same m’s as those tabulated irom band 
(29,1) agree with the fluorescent lines in the —1 order, as will be seen 
on comparing columns 9 and 3. These new series can consequently be 
safely identified as v(n’,m’) =v(29,454), v(29,503) and v(29,513). 

Fig. 6, which is similar to Fig. 5, shows the relation of these (inter- 
polated) zero order fluorescent doublets to the absorption spectrum. 
The constants of the new series are included in Table V. They are repre- 
sented by the broken lines in Fig. 1. 

The lines of band (29,1), which are rather faint near Hg5460, coincide 
with two of the six lines for which Wood has observed the magnetic 
rotation. A line on the P branch coincides with line 2, whose magnetic 
rotation is normal, and this agrees with the rule stated above. A line on 
the R branch, however, coincides with line 6, whose magnetic rotation 
is also normal, and this would constitute an exception to the rule were it 
not that line 6 has also been assigned to the P branch of band (27,0) 
which is much stronger. 


NEw EQUATIONS FOR THE FLUORESCENT SERIES 
The identification of the zero order fluorescent lines of Mecke’s series 
in the absorption spectrum which can be much more accurately measured 
makes possible a considerably improved version of the Eqs. (2); for it 
precisely fixes one point on each line in Fig. 1. This is of particular 
jmportance in the case of the main lines, all of which Mecke of necessity 
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put through the origin, i.e., the center of the unresolved group, but 
which can now be sent through their appropriate absorption lines. It is 
also of assistance in the unresolved main line group of higher orders in 
the vo, vo" and y9*’ series, which can be assumed to be arranged in about 
the same manner in the first few orders as in the zero order. The revised 
equations are of the form 


v=F(p)+e+7p+(d—np) (16) 


where, as in (2), the quantities in parentheses are the doublet intervals, 
and if omitted or included give the main or companion lines series 
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Fig. 6. Relation of the interpolated zero order fluorescent doublets of the three new 
series to band (29,1). 


respectively. The constants of these equations are given in Table V. 
They are represented by the lines in Fig. 1. The terms ¢; are the fre- 
quencies of the absorption lines which excite the various series, relative 
to F(0) =18307.50. The terms d; are the doublet intervals in the zero 
order, taken from the absorption measurements. Mecke’s 7;’s have been 
retained as they are large enough to have been determined with accuracy. 
Kratzer and Sudholt published values of 7;, which represents the decrease 
of the doublet separation in higher orders, and computed the constant 
B,"’ from them, though only to perhaps 20 percent. But, because it is 
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TABLE V 


Constants of the fluorescent series 





From fluorescence From absorption 
Empirical Empirical Theoretical 
Y ” € d y(Eq. 12) =da’’/Bo"’ 


.025 + ? —0.53 .014 
+0.26 .013 
-062 + .015 —0.68 .039 
-052 + .006 —0.18 052 
—0.53 .062 
-021 + .003 0.00 .017 
—0.83 .017 
+0.45 .041 
+0.26 .064 
+0.26 .022 
+0.70 .024 
—0.68 .025 
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possible to make somewhat better estimations of the variation in the 
doublet interval, now that the doublet interval of zero order is precisely 
known, the writer has thought it worth while to repeat their calculations. 
The intervals of all fluorescent doublets, of which both members can be 
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Fig. 7. Revised determination of 7. 


assigned to series without ambiguity, are plotted against p in Fig. 7. 
The lines which represent them have been put through the zero order 
Av’s as measured in absorption and their slopes, 7, determined by least 
squares. Nevertheless the mean value of By’’ =a’’d;/n; calculated from 
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them, using the revised a’’=0.00012, is 0.031+0.003 and differs by 
twice its probable error from that in (15). 

The results of the absorption measurements may now be used to 
calculate theoretically the constants of the fluorescent series. The d’s 
and e’s have, of course, already been taken from absorption data. The 
y’s can be calculated from Eq. (12), taking the m’s from column 4 of 
Table III, using the revised a’’ =0.00012, and setting #;— %,’ =0 for all 
Mecke’s series. For the new series extending to the —1 order, #— fo’ =1; 
and 2w,’’x’’ can be taken from comparison of (4) with (3) as 1.19. The 
y’s so calculated are given in column 6 of Table V, and are in excellent 
agreement with the observed values in column 2. The 7’s calculated 
from the equation!”'® 


n=da’’/By" (17) 


are given in column 7 and the agreement with observation is about as 
good as could be expected in a quantity so difficult to measure. 

The first published estimate of the important constant Bo’’, which 
yields the moment of inertia of the unexcited iodine molecule, was 
Kratzer and Sudholt’s value 0.032, based on the inaccurately determined 
quantities 7;. This was bettered by Kemble and Witmer who showed 
that it could be calculated from the quantities d;, y; and a’’ which are 
more accurately known. They published a weighted mean value of 
B,’’ =0.0343, computed from Mecke’s original d;’s (2) and a’’. The 
writer*' has also calculated this quantity with essentially the same 
equations as Kemble and Witmer, but using the revised a’’ and values 
of d;, which had been revised in accordance with the identification, on 
Wood’s absorption spectrum reproduction, of the main lines of the zero 
order fluorescent group. The values calculated from the various fluores- 
cent series agree well among themselves and the mean value, By’’ 
= 0.0367 is probably as good a one as can be extracted from the data 
already published by Wood and Mecke. 

Of course the value By’’ =0.037300 found from the writer’s measure- 
-ments of Wood and Klingaman’s new absorption plates is very much 
more precise, but this also depends on the fluorescent spectrum, which 
furnished the clues without which the absorption spectrum could not 
have been unravelled. 


** For the equations and details of this calculation the reader is referred to the writer's 
Chap. VI of the National Research Council Committee report on ‘Molecular Spectra 
in Gases.” The precision gained by using the revised d;’s is particularly apparent on 
comparing the discordant values of mq calculated by Kemble and Witmer and given 
in their Table III, with those in Table III of Chap. VI. 
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The most important conclusion of this paper is that the complex 
fluorescent spectrum excited by the quartz arc confirms, in every detail, 
the theory advanced by Lenz to account for the simple spectrum excited 
by the Cooper Hewitt arc. 


New YorK UNIVERSITY, 
Sept. 18, 1926. 
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ABSORPTION COEFFICIENT OF HELIUM FOR 
ITS OWN RADIATION 


By A. WoLrF AND B. B. WEATHERBY 


ABSTRACT 


The absorption coefficient of helium for its own radiation in the extreme 
ultra-violet was measured for various pressures. In the range of pressure from 
0.016 to 0.040 mm Hg the mass absorption coefficient was found to be 1.24 X10’. 
For lower pressures the mass absorption coefficient increases rapidly with 
decrease in pressure. 


INTRODUCTION 


HE coefficient of absorption of gases for their own radiation is a 
subject of great importance in atomic theory. It is related both to 

the lack of sharpness of spectral lines and to the duration of the excited 
state of the atom. For a theoretical discussion of this subject reference 
may be made to an article of A. E. Milne. Other recent contributions 
are by Hughes and Poindexter? (the determination of the absorption 
coefficient of helium) and by Goos and Meyer* on the resonance radiation 
of mercury. 

The object of our experiments was to determine the absorption co- 
efficient of helium for its own line 1S—2P of wave-length 584.4A. 

Lyman‘ found that when the helium spectrum is excited by a continu- 
ous current discharge the line 1S—2P is by far the strongest shown on 
the plate. In addition to this line, only the principal series lines 1S—mP 
are strongly excited. If therefore we produce radiation in helium by 
electronic bombardment at a voltage lower than the excitation potential 
of the line 1S—3P, we can expect that practically all the radiation will 
have the wave-length 584.4A. There is a further advantage in working 
with low voltage excitation since, even in the absence of any definite 
information on the subject, it is to be expected that spectral lines excited 
by low voltage electronic bombardment in a gas at low pressure will be 
sharp. This is of some importance because it is well known that absorp- 
tion of resonance radiation varies greatly over the range of wave-lengths 
usually called a spectral line. 


1 A. E, Milne, Phil. Mag. 47, 209 (1924). 

* Hughes and Poindexter, Phys. Rev. 23, 769 (1924). 
* Goos and Meyer, Zeits. f. Physik 35, 803 (1926). 

* Lyman, Astrophys. J. 60, 1 (1924). 
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APPARATUS AND METHOD 


The method was essentially the following: Radiation was allowed to 
pass through a tube filled with helium and to fall on a nickel disk con- 
nected to a sensitive electrometer. The photo-electric current was 
measured by noting the time necessary for a given electrometer deflection 
and the intensity of radiation was assumed to be- proportional to this 
current. The gas was then pumped out and the photo-electric current 
measured again. The ratio of the two currents was assumed to be equal 
to the ratio of the respective intensities of radiation. Although it is true 
that the photo-electric sensitivity of nickel may vary with pressure of 
gas, the fact that the ratios obtained under certain conditions were 
independent of the heat treatment of the nickel disk in vacuum shows 
that the variation is small. 

Let d be the length of the absorption tube and J. and J, the respective 
photo-electric currents, then the linear absorption coefficient a can be 
computed from the relation 


a=(1/d)log.(I2/T1) (1) 
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Fig. 1. Diagram of apparatus. 


Since no material is known, which transmits radiation of the short 
wave-length investigated, it was necessary to introduce the radiation 
into the absorption tube through a fine capillary. The details of con- 
struction of the tube will be apparent from Fig. 1. In part A, electrons 
from the tungsten filament c (0.18 mm diameter) were accelerated by 
means of a suitable voltage applied to the nickel cylinder b (2 cm in 
diameter and 2 cm long). These electrons excited radiation inside the 
cylinder by collision with helium atoms. A fine nickel gauze d (mesh 70) 
was kept at —14 volts with respect to the negative end of the filament 
in order to prevent electrons from reaching the absorption tube J. 
Radiation passed into the absorption. tube through a capillary tube e 
(1 mm in diameter and 1.2 cm long).: A nickel disk / (18 mm diameter) 
was connected to the electrometer which served for measuring the 
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intensity of radiation. The collecting electrode k was kept at +10 volts. 
A grid of tungsten wire 7, kept at —18 volts, collected any positive ions 
that might be present. 

The absorption tube J was connected by glass tubing of large diameter 
with a set of mercury vapor diffusion pumps. A large bore stop-cock g 
made it possible to change the pressure in J. The high pressure side of 
the mercury vapor pumps was in turn connected with A. Three liquid 
air traps with charcoal at the bottom were placed between the pumps 
and A to insure the purity of helium when it was circulated. A liquid air 
trap and a tube with charcoal immersed in liquid air was also interposed 
between g and J. This is not shown in the diagram. The whole apparatus 
could be evacuated by another set of mercury vapor pumps backed by 
a Cenco oil pump. 

. The electrometer used in the experiments was of the Compton type. 
With 96 volts on the needle it had a sensitivity of 4400-9000 scale 
divisions per volt, depending on adjustment. The scale distance was 
1.4 meters. As it was unnecessary to know the sensitivity it was tested 
only occasionally and used for computing the order of magnitude of the 
photo-electric currents obtained. 

The tube was baked for several hours before readings were taken and 
the nickel cylinder } and disk / were out-gassed by means of an induction 
furnace. The helium was purified in a tube with charcoal immersed in 
liquid air before being admitted to the apparatus. A series of readings 
was then taken at various pressures. 

The measurement of the absorption coefficient itself consisted mainly 
in the following procedure. Stop-cock g being kept closed, the radiation 
was excited in A and the photo-electric current to / was measured. 
Under these conditions the pressure in A and J was the same. Con- 
sequently, radiation leaving the capillary was partially absorbed before 
reaching /. Stop-cock g was then opened and the photo-electric current 
measured again. With the arrangement of apparatus that was used, 
the pressure in the absorption tube then dropped to 1/30 its former 
value while that in A remained nearly constant. Radiation leaving the 
capillary was therefore the same, but, as the absorption in J was less, 
the photo-electric current was greater. The linear absorption coefficient 
was then evaluated with the aid of Eq. (1). 

As there was a drop in pressure along the capillary, the length d in 
Eq. (1) was measured from the nickel disk /] to the mid-point of the 
capillary. It was found to be 16.5 cm. The correction to be added to 
the voltage applied to b, to take account of initial electron velocities and 
contact potential differences, was determined by plotting the voltage 
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current curve for } and noting the ionization voltage. The current to b 
used in these experiments was about 10-* amp. The order of magnitude 
of the photo-electric currents was 10- amp. The electrometer leakage 
current was also observed during the experiments and, whenever neces- 
sary, the measurements were corrected for this effect. 


RESULTS 


The linear coefficient of absorption a divided by the pressure in. the 
absorption tube expressed in mm Hg gives a quantity 8 which is obviously 
proportional to the mass absorption coefficient, as all measurements were 

18 
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Fig. 2. Absorption coefficient as function of pressure. 


taken at room temperature. The quantity 6 is also proportional to the 
contribution of individual atoms to absorption. 

Fig. 2 gives the results of observations taken. The quantity 6 is here 
plotted against pressure. If the radiation could be regarded as mono- 
chromatic and if the probability of absorption of individual atoms did 
not depend on pressure or on the molecular fields of other atoms, 8 would 
be constant. From the diagram, however, it is seen that below a pressure 
of 0.016 mm Hg £ increases rapidly with increasing pressure. In the range 
of pressure from 0.016 to 0.040 mm Hg 8 is constant within the errors 
of observation. 
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Its mean value in this range was computed from the following observa- 

tions: 
p: 0.040 0.034 0.026 0.025 0.020 0.020 0.016 
B: 2.89 3.00 2.92 2.92 2.87 2.86 2.97 
mean 2.92 +0.05 

These values were obtained with 22 volts applied between the negative 
end of the filament and the nickel cylinder. As the correction to be 
applied varied between 0 and +0.7 volt, this is seen to be well below the 
excitation potential of the line 1S—3P which is 22.97 volts.® 

The values of 8 for lower pressures are less accurate than for pressures 
above 0.016 mm Hg. The reasons are, first, the relatively greater cor- 
rection for leakage current, and second, the increased proportion of 
impurities present. In general, impurities were found seriously to affect 
the observations and satisfactory results could only be obtained when 
careful precautions were taken to insure the purity of helium. This 
applied in particular to the necessity of eliminating mercury vapor. 

Measurements were also made with bombarding voltages other than 
22 volts. As the cathode was not equipotential, no exact results could 
be expected. It was however found that when the voltage approached 
the ionization voltage, the absorption coefficient decreased. At voltages 
below 21 volts the absorption coefficient was also much less. 


INTERPRETATION OF RESULTS 


From the method of evaluating the results it follows that they give 
merely the difference of absorption between helium at a certain pressure 
and at 1/30 of that pressure. If absorption were independent of pressure 
it would be easy to calculate the total absorption coefficient. However, 
since the absorption coefficient varies with pressure the amount of the 
necessary correction is uncertain and therefore has not been calculated. 

Radiation* entering the absorption tube has already been filtered by 
passing through a certain mass of gas. The increase of the absorption 
coefficient for low pressures shows the presence of a component for which 
the absorption is very strong. The fact that the absorption coefficient 
was found constant in a considerable range of pressure indicates that 
sufficiently filtered radiation would have an absorption coefficient 
independent of pressure. No certain conclusions could however be 


5 Cf. Sommerfeld, Atombau 4th ed., p. 522. 

* The objection might be raised that our results were due to excited helium atoms 
rather than radiation. Since, however, the electrometer current was very small for 
bombarding voltages lower than that corresponding to the line 1S—2P and since a 
constant value of the absorption coefficient hardly could have been obtained if the 
effect of excited atoms was appreciable, this is not believed to be the case. 
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drawn as the measurements could not be extended to higher pressures. 
It should be stressed that the radiation used was always produced with 
the gas at the same pressure as that for which absorption was measured. 

The mass absorption coefficient of the filtered radiation was deter- 
mined as (1.24+0.02) X10’. The limits of error here given cannot be 
claimed to have any absolute significance, but merely indicate how closely 
the measurements could be repeated. 

If we wish to regard the individual helium atoms as disks or spheres 
absorbing all incident radiation of the particular wave-length considered, 
the diameter of the spheres would be 1.2A. This value is of the same order 
of magnitude as the diameter of the electronic orbits in helium. For 
lower pressures however, where the coefficient of absorption is higher, 
the diameter of the equivalent disk or sphere by far exceeds the diameter 
of electronic orbits, obviously presenting difficulties for the picture of 
absorption of radiation given by the theory of light quanta. 

We wish to express our thanks to Professor C. B. Bazzoni for advice 
with regard to construction of apparatus and his interest in this in- 
vestigation. 

RESEARCH SECTION, RANDALL MORGAN Puysics LABORATORY, 
UNIVERSITY OF PENNSYLVANIA, 


PHILADELPHIA. 
September 1, 1926. 
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ELECTRON. COLLISIONS IN CARBON MONOXIDE* 
By F. L. MouLer Anp Paut D. Foote 


ABSTRACT 

Critical potentials for electron impact in CO.— Critical potential measure- 
ments for CO are correlated with spectroscopic data. Observed values are: exci- 
tation, 5.8, 8.0, 10.1 volts; ionization 14.3 volts. The two lower values were ob- 
tained by the partial current method. Band spectra give 6.0, 8.0, 10.34 and 
14.2 volts. 

Probability of energy losses at electron impact in CO.— Denoting the 6 and 8 
volt collisions by a and 6 respectively, energy losses corresponding to successive 
collisions of the type a, aa, ba, baa, and bba have a high probability while col- 
lisions of the type b and bb are relatively very infrequent. This peculiarity is 
also observed with the second group metals. The resemblance of CO to the 
second group metals is in accord with the spectral classification which makes 
the 6 volt level a *P state and 8 volt level a 'P state. 


GEVERAL years ago the authors obtained critical potential data for 

CO by use of a four-electrode tube in which the electron path for the 
most part was in a force free space. Measurements by the Lenard method 
showed a small effect at 10.1 volts and a large effect at 14.3 volts. Partial 
current curves indicated the presence of eight or more potentials of inelas- 
tic collision between 6 and 30 volts. These were recognized as successive 
electron collisions in which several molecules were excited to different 
states. At that time, however, we were unable to determine unambiguous- 
ly the energies of the states involved, so that, aside from the mere listing 
of the observed potentials! no report of the work has been published. 

Recently a fairly complete analysis of the CO band spectrum?* has 
been made and, as will be immediately apparent, our data are simply and 
logically interpretable on the basis of the known energy levels. The re- 
sults are of more particular interest at the present time in that they fur- 
nish information relative to the probability of the different types of 
excitation. 

Fig. 1 gives the energy diagram of the zero vibration states of CO. On 
the basis of the fine structure of the bands these levels can be designated 
according to the notation used for atomic spectra.* As is shown in the 
figure the CO levels resemble those of a second group atom both in struc- 


*Published by permission of the Director of the Bureau of Standards, Department 
of Commerce. 

‘Foote and Mohler, Origin of Spectra, p. 188, (1922). 

*Birge and Sponer, Phys. Rev. 28, 259 (1926). 

*Mulliken, Phys. Rev. 28, 481 (1926). 
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ture and in relative energy values. It is to be expected that in general the 
zero vibration states will give at least approximately the critical potentials 
for excitation by electron collision though it is known that there may be 
cases where large vibration changes accompany excitation by electron 
collision. Duffendack and Fox‘ give measurements of excitation potentials 
of the bands of CO and CO* which in general confirm the spectroscopic 
‘results for the levels above 10 volts. We include as a broken line in Fig. 1 
an additional level for which they find evidence. Our value 10.1 observed 
by the Lenard method probably measures the photoelectric effect result- 
ing from excitation of the 10.34 volt level. There is good agreement on the 
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Fic. 1. Energy diagram of the zero vibration states of CO. 


value of the ionization potential. Our result is 14.3 volts; Mackay*® ob- 
tained 14.1 volts by direct measurement, and from excitation potentials 
of the CO* bands the values 14.2? and 14.34 are derived. 

“JA typical partial current curve is shown in Fig. 2 while Table I, 
column 1, gives mean values for the potentials of inelastic collision ob- 
tained from about 20 curves with gas pressures ranging from .1 to .7 mm. 
These potentials can be explained by successive electron collisions involv- 
ing loss of both 6 and 8 volts kinetic energy corresponding to the first two 


‘Duffendack and Fox, Sci. 64, 277 (1926). 
*Mackay, Phys. Rev. 24, 319 (1924). 








ELECTRON COLLISIONS IN CO 


TABLE I 


Inelastic collisions in CO 


Observed Theoretical Type of collision Magnitude of effect 
potential* value 








6.4 6.0 strong 
12.3 12.0 medium 
14.0 14.0 strong 
18.0 18.0 extremely weak 
19.7 20.0 medium 
22.3 22.0 medium 
25.2 26.0 
27.7 28.0 weak and poorly 
30.9 30.0 resolved 


*Cf. Origin of Spectra, p. 188. 





excited states of CO. The mean values of the intervals give 5.8 and 8.0 
volts. We denote the two types of collision by a and d respectively, and 
give in Table I, columns 2 and 3, the computed potentials and the corres- 
ponding type of collision. There is fair agreement between computed and 
observed values and one notes that all combinations of a and 6 do not 
occur. In particular, b and bb are missing while one might expect them 
to give a strong effect since ba, baa and bba are pronounced. 

An exactly similar phenomenon is observed with metals of the second 
group.® We include in Fig. 2 a curve obtained in mercury vapor, with a 
similar tube, which shows a striking resemblance both in the relative 
intensity of corresponding a and 6 combinations and in the absence of 
higher critical potentials. More refined methods of course show many 
other critical potentials in mercury but the two potentials here considered 
determine the general form of the curve. 

The characteristic appearance of these curves is explained by the hypo- 
thesis that the probability of a collision of type a is large when the poten- 
tial is nearly equal to a and decreases with increasing voltage, while the 
probability for a } collision is small at the potential corresponding to 6 and 
increases with the voltage. Thus, if for CO above 14 volts the 6 collision 
is much more probable than a, with the reverse condition at the lower 
voltages, precisely the group of potentials listed in the table should pre- 
dominate. Evidence supporting a similar assumption for the second 
group metals has been advanced by Eldridge.’ 

On the basis of the spectral regularities, it has been assumed that CO 
is a structure with two valence electrons in m; orbits and the evidence 
concerning probabilities of electron collisions seems to lend strong support 
to this viewpoint. It has been argued that the valence electrons, 4 of 


*Mohler, Foote and Meggers, Bur. Stds. Sci. Paper No. 403, (1920). 
"Eldridge, Phys. Rev. 20, 456, (1922). 
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carbon and 6 of oxygen form in CO shells of 8 and 2 electrons giving a 
structure like magnesium. However, Birge and Sponer? present definite 
evidence that such an intimate sharing of electrons cannot be expected. 
An analysis of the vibration states of CO indicates that the molecule may 
be adiabatically separated into neutral atoms thus suggesting an entirely 
different electron configuration in which both atoms keep their full com- 
plement of electrons. From this viewpoint the striking resemblance of CO 
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Fic. 2. Comparison of critical potential curves for CO and Hg vapor. 


to a second group atom is quite astonishing. It may be noted that while 
N; also contains 10 valence electrons and closely resembles CO in most 
of its physical properties, yet the partial current curves are not similar. 
Under comparable experimental conditions Nez shows a single series of 
inelastic collisions at intervals of about 8 volts.® 


BUREAU OF STANDARDS, 
WasHincTon, D. C. 
October 28, 1926. 


8Mohler and Foote, Bur. Stds. Sci. Paper No. 400, (1920). 
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THE INFLUENCE OF A MAGNETIC FIELD ON THE 
DIELECTRIC CONSTANT OF A DIATOMIC 
DIPOLE GAS 


By Linus PAvu.inc* 


ABSTRACT 


The investigation of the motion of a diatomic dipole molecule in crossed 
magnetic and electric fields shows that according to the old quantum theory 
there will be spatial quantization practically with respect to the direction of 
the magnetic field for experimentally realizable values of the field strengths. 
As a result of this the old quantum theory definitely requires that the applica- 
tion of a strong magnetic field to a gas such as hydrogen chloride produce a 
very large change in the dielectric constant of the gas. The theory of the 
dielectric constant of a diatomic dipole gas according to the new quantum 
mechanics, on the other hand, requires the dielectric constant not to depend 
upon the direction characterizing the spatial quantization, so that no effect 
of a magnetic field would be predicted. The effect is found experimentally not 
to exist; so that it provides an instance of an apparently unescapable and yet 
definitely incorrect prediction of the old quantum theory. 


I. TREATMENT BY THE OLD QUANTUM THEORY 


N THE present paper we calculate the dielectric constant of a diatomic 

dipole gas in a magnetic field. We shall defer application of the new 
quantum dynamics until §II, and commence by employing the old 
quantum theory even though it is now obsolete. We include treatments 
by both theories because the difference in the results is very interesting 
and furnishes additional evidence for the new mechanics, inasmuch as 
in the old theory the dielectric constant is materially influenced by a 
magnetic field. This effect, which is absent in the new theory, arises from 
the fact that with sufficiently strong magnetic fields the direction 
characterizing the spatial quantization of the rotating molecules will be 
the direction of the magnetic field instead of that of the electric field. 
In order to determine the field strengths with which this transition occurs, 
it is necessary to determine the motion of the gas molecules in crossed 
electric and magnetic fields. The motion of a diatomic dipole molecule 
in an electric field has been treated by Hettner' and by W. Pauli, Jr.? 
The equations of motion can in this case be solved by means of the 
separation of variables. This procedure can also be followed for the 
motion of the molecule in a magnetic field alone, and in both a magnetic 

* Fellow of the John Simon Guggenheim Memorial Foundation. 


1G, Hettner, Zeits. f. Physik 2, 349 (1920). 
2 W. Pauli, Jr., ibid. 6, 319 (1921). 
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and an electric field when the two fields are parallel; it cannot be used for 
crossed fields, however. The treatment given the problem of crossed 
fields in this paper is based on the methods of Bohr,* and is somewhat 
similar to that given the problem of the hydrogen atom in crossed 
electric and magnetic fields by Klein‘ and by Lenz.5 

We shall for simplicity consider a diatomic molecule without resultant 
electronic angular momentum as a rigid assemblage of charged mass- 
points along a line. For our purposes it can be characterized by three 
quantities, the moment of inertia A=2Zm,r?, the electric moment 
w=Zewr;, and the electric moment of inertia or quadrupole moment 
k=Ze,r?, in which ¢; is the charge and m; the mass of the ith mass- 
point, and r; its distance from the center of mass of the molecule. The 
detailed consideration of the quantum-allowed states of motion of the 








Fig. 1. 


molecule given in the appendix of this paper leads to the result that 
except for terms of the order of magnitude of w/wy the spatial quantiza- 
tion in crossed electric and magnetic fields is the same as for the magnetic 
field alone; namely, the total angular momentum vector P, of magnitude 
p=jh/2r, has a component in the direction of the magnetic field vector 
H of magnitude mh/2zx, and P further undergoes precessional motion 
about H with uniform angular velocity. w and wy are given by the 
equations 


w= 3yu2E2A/2p%, (1a) 
wa =xH/2Ac, (1b) 


* N. Bohr, ‘‘On the Quantum Theory of Line Spectra,”’ Part II, Det Kgl. Danske 
Vid. Selsk. 8, IV, 1 (1918). 

‘O. Klein, Zeits. f. Physik 22, 109 (1924). 

5 W. Lenz, ibid. 24, 197 (1924). 
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in which £ and H are the electric and magnetic field strengths respec- 
tively; —wy is the angular velocity of precession of P about H in the 
presence only of the magnetic field, and —wcos 9, in which @ is the 
angle between P and the electric field vector E, is the angular velocity 
of the precessional motion of P about E in the presence only of the 
electric field. 

The dielectric constant of a diatomic dipole gas. Under the influence of 
an electric field a gas becomes electrically polarized in the direction of the 
field, the amount of polarization per unit volume being 

pa S—*p=Np+Nak 
-_ én +2 os p+ aL, (2) 


€ 


in which € is the dielectric constant of the gas, VN the number of molecules 
in unit volume, and @ the deformation coefficient or coefficient of induced 
polarization of the gas. 7 is the average value of @ for all molecules in the 
gas, where @ is the time-average of u cos @ for one molecule in a given 
state of motion. An expression for 7 applicable to polyatomic molecules 
in general was obtained by Debye® with the use of classical statistical 
mechanics; namely, 


=p2E/3kT. (3) 


The interpretation of the oscillation-rotation’ and the pure rotation® 
band spectra of hydrogen chloride required that this result be aban- 
doned; for with the old quantum theory these spectra showed that the 
rotational energy of the molecule was restricted to the series of values 
W =(*h*)/8x*A, with j7=4, 3, $,--- ©. The expression for the dielec- 
tric constant of a diatomic dipole gas according to the old quantum 
theory was derived by W. Pauli, Jr.,? in the following way. For a given 
molecule the average value of yu cos @ is 


m T 
fi=- f cosédt , 
T 70 


On substituting for dt its value given in Eq. (32) of the appendix, expand- 
ing in powers of wE/a,, and evaluating the resultant integrals by contour 
integration, one obtains the approximate result 

2r*Aw*E 1 


—_ 2Q) — 4 
i ie F (3cos?@—1), (4) 
° P. Debye, Physik. Zeits. 13, 97 (1912). 
’ Colby, Astrophys. J. 58, 303 (1923). 

* Czerny, Zeits. f. Physik 34, 227 (1925). 
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in which © represents as before the angle between Pand E. Assigning 
equal a priori probabilities to all of the possible quantum states character- 
ized by the quantum numbers j and m, we have for the probability of a 


given state 
g W/kT 


hp dal 


B= Di Demw(j,m) - a(j,m). (6) 


When the electric field alone is present this expression can be easily 
evaluated, for then cos © is equal to m/j, and 


i 2r*AwE m* : 
am) = (3-1). ( ) 


w(j,m) = 





(5) 


and for —@ we have 


and 
h= uw? EC/k T, 
with 


ae 
Di Daz (35-1) 
: oF 
C= ’ (9) 


40 Di Dine"* 





in which o=h?/8r°AkT. 

This is the result given by Pauli, who evaluated C by giving j and m 
integral values and assuming ¢@ to be very small. Values of C as a function 
of ¢ have also been published by the writer,® assuming the values 4, %, 
3,°:+* © forjand +4, +3, +3,--- +j for m. 

The influence of a strong magnetic field on the dielectric constant. If in 
addition to the electric field a strong magnetic field is present, the average 
value of u cos 6 for a molecule in a given state of motion will no longer 
be given by Eq. (4). We prove in the appendix that if the magnetic 
field is so strong that the ratio w/wy is small compared with unity, the 
spatial quantization is relative to the direction of the magnetic field, 
about which P undergoes a uniform precession. Accordingly the cosine 
of the angle A between P and H will be equal approximately to m/j. We 
now have the trigonometric relation 

cos O=cos y cos A+sin y sin A cos x, 
in which x, as shown in the figure, increases uniformly from 0 to 27 
during the precessional motion of P about H. From this relation we find 


1 ae 3 1 
— f (3cos?@ —1)dx = (Feostv -;) (costa - 1) ; 
2 0 2 2 


* L. Pauling, Proc. Nat. Acad. Sci. 12, 32 (1926); Phys. Rev. 27, 568 (1926). 
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and from this on substituting for cos A its value m/j 


3 1 
(3cos?@ — 1) average = (Seosty - ;) ( 


Pa 1) ; (10) 
J 

This equation shows that the effective polarization due to one molecule 
in the state characterized by the quantum numbers j and m.is equal to 
($ cos*y —4) times its value in the absence of the magnetic field; i.e., 


3 1 
pu(j,m)= (Seosty ——) a(j,m. (11) 


Since this multiplicative factor is independent of j and m, we may sub- 
stitute Eq. (10) in (4) and obtain the result 


= = (Zcosty -;) ‘ ae ie (12) 
eae 7 wf 
in which C has the value given by Eq. (9). We can consequently state 
that im the presence of a strong magnetic field making an angle W with the 
electric field the polarization due to permanent dipoles will according to the 
old quantum theory be ($ cos*~—4) times its value in the absence of the 
magnetic field.'® 
The old quantum theory accordingly definitely requires that with the 
magnetic field nearly at right angles to the electric field gases such as 
hydrogen chloride should show a negative polarization, and a dielectric 
constant smaller than unity; the absolute value of the negative polarization 
should be equal to one-half of the usual positive polarization, except for 
the relatively small and always positive contribution due to deformation. 
In view of the fact that the band spectra do not directly determine 
the possible values of the quantum number m, it is to be especially 
emphasized that this result regarding the effect of a magnetic field is 
completely independent of the assumption of particular values for this 
quantum number. The value of C, as shown in Eq. (9), does depend on 
this choice, but the ratio of fi, to # (Eqs. 12 and 8) is simply $cos*y —4,and 
so is independent of C. . 
It is of interest to consider the magnitude of the magnetic field strength 
necessary to make w/w small and so produce this effect. Using for A its 
value as determined by Czerny*® from the pure rotation absorption 


10 This quantitatively predicted effect is not to be confounded with the effect quali- 
tatively predicted by Ruark and Breit, Phil. Mag. 49, 504 (1925), and found experi- 
mentally not to exist by Weatherby and Wolf, Phys. Rev. 27, 769 (1926), for their 
effect involved molecules without a permanent electric moment, such as those of helium, 
oxygen, and air. 
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spectrum of hydrogen chloride, for » the value found from its dielectric 

constant,® for p the expression jh/27, and for x the estimate —1X10-* 

E.S.U.," we find from (1a,b) that w/wy becomes small when 
H>F*/10,0007* 

in which H is the field strength in gauss, and F the electric field strength 

in volts/cm. It is at once apparent that this condition can be easily 

achieved experimentally. 


II. TREATMENT BY THE NEW QUANTUM MECHANICS 


According to the new quantum mechanics, the spatial rotator is 
characterized by two numbers j and m, such that j can assume the values © 
0, 1, 2, 3, +--+ 0, and m the values 0, +1, +2, +3,---+- + j. The cor- 
responding energy values, in the absence of an external field, are 

W(j,m) =j(j+1)h?/87°A. (13) 
The energy-levels thus differ from those of the old quantum theory with 
half quantum numbers only by a constant additive quantity, and are in 
complete agreement with the infra-red spectral data. 

The new quantum mechanics leads to a formula for the dielectric 
constant of a diatomic dipole gas greatly different from that given by 
the old quantum theory, as has been shown both by L. Mensing and 
W. Pauli, Jr.,!2 and by J. H. Van Vleck. The average polarization due 
to molecules with a given value of 7 not equal to zero vanishes, and only 
those molecules with j7=0 produce any polarization under the influence 
of an external electric field. Hence the new quantum mechanics shows 
in this case much greater similarity to the classical theory than did the 
old quantum theory; for on the basis of the classical theory only 
those molecules with very small rotational energy, namely, less than 
HE, contributed to the polarization,“ while the old quantum theory 
stated that no such molecules were present. 

The dielectric constant of a diatomic dipole gas. As shown by Mensing 
and Pauli and by Van Vleck, the polarization excited in a molecule by 
a static external electric field can be calculated by means of the Laden- 
burg-Kramers dispersion formula, derived on the basis of the Heisenberg 

1 This estimate is substantiated by the fact that Professor O. Stern has recently 
shown by a very sensitive adaptation of the experiment determining the bending of a 
molecular stream in a strong inhomogeneous magnetic field that a molecule of water 


vapor at around 0°C has a magnetic moment of the order of magnitude of 0.001 Bohr 
magnetons, which corresponds to a quadrupole moment of the order of that assumed 
for hydrogen chloride. 

2 L. Mensing and W. Pauli, Jr., Physik. Zeits. 27, 509 (1926); also C. Manneback, 
ibid. 27, 563 (1926). 

#3 J. H. Van Vleck, Nature, August 14, 1926. 

“4 Alexandrow, Physik. Zeits. 22, 258 (1921). 
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quantum mechanics by Born and Jordan" and of the wave mechanics 
by Schrédinger,’® by placing the frequency of the impressed disturbance 
equal to zero. Placing the Z-axis parallel to the electric lines of force, 
corresponding to spatial quantization with respect to the electric field, 
we obtain for the polarization of a molecule characterized by the quantum 
numbers j and m the expression 

~ a e ,3°(7,m ;j’,m’) 

mm) ” ED hv(j,m ;j’,m’) ” 





in which 2(j,m;j',m’) represents the term in the matrix z corresponding 
to the transition jj’, m—m’, and v(j,m;7’,m’) represents the correspond- 
ing frequency, considered positive in absorption and negative in emission; 
the summation is to be extended over all values of j’ and m’ for which 
2(j,m; 7’,m’) does not vanish. The values 
2*(j,m ;j’,m')= Me Baton for m’ = 
(2j7—1)(2j+1) 


i—m+1)(j 1 
_G = Mitert- ) for m’=m,j’=j-+1 (158) 
(2j7+1)(2j7+3) 


=0 otherwise 








have been derived by Mensing!”? and by Dennison.'* On substituting 
these values, together with the values of hy obtained from the energy- 
levels given by Eq. (13), we find for 70 the equation” 


8x2Au2E 1 m? 
a(j,m) = ( i) (16) 





he (2)—1)(25+3)\ JG+1) 


For j7=0, however, only the jump with absorption can occur; from (150) 
we accordingly find 
a(0,0)=8r2Ap2E/3h? . (17) 


Since m does not occur in the energy expression (13), the probability of 
every value of m, with j constant, is the same. We may consequently 
find the average contribution to the polarization of molecules in the jth 
state by simply averaging f@(j,m) as given in Eq. (16) over all values of m. 
On doing this zero is obtained for every state with j not zero: 

1 + 


4 Born and Jordan, Zeits. f. Physik 34, 858 (1925). 
% Schrédinger, Ann. d. Physik 81, 109 (1926). 

17 L. Mensing, Zeits. f. Physik 36, 814 (1926). 

18 Dennison, Phys. Rev. 28, 318 (1926). 
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so that only molecules with j7=0 are effective. From Eq. (5) the prob- 
ability of this state is 
“ +i -1 
w(0,0)= ( - Devic) , (18) 
j=0 0 m=—j 
in which @, as before, is h?/8m7*AkT. We thus obtain the result that the 
total polarization of N molecules is 


” WE 1 

MN - w(0,0) ‘ a(0,0)= . = 

3kT , - 
o Do (2j+ lene) 


j=0 





(19) 


For small values of o; i.e., for high temperatures, this reduces to the 
classical equation of Debye. 

The dielectric constant in the presence of a magnetic field. We shall next 
calculate the polarization produced when the electric lines of force are 
parallel to the X- (or Y-) axis, and the characteristic direction Z of 
quantization is determined by some other influence, such as a strong 
magnetic field. We again use Eq. (14), except that for 2°(j,m; j’,m’) 
we substitute x?(j,m; j’,m’) or y?(j,m;j',m’), with the following values, 
given by Mensing and Dennison: 


_ (j+mt1)j+m+2) 





x?(7j ,m 3 J’ ,m')=y?(7,m ;j',m')= (20a) 


4(2j7+1)(2j+3) 

. for m’=m+1,j’=j+1 
_G-—m)G—-—m—-1) 
~ 4(23—1)(27+1) 

for m’=m+1,j’=j—1 

_G+m—1)(j+m) 

~ 4(2j—1)(25 +1) 

for m’=m—1,j’=j—1 

_ G—m+1)G—m+2) (204) 
4(2j+ 1) (23 +3) 


or m’=m—1,7’=j+1 
=0 otherwise. aiid 





(200) 





(20c) 





From 20a, b, c, and d we find for 7#0 
; ; 4n?ApeE 1 m?* 
Bz(j,m)=f,(j ,m) = — ae : (s: e -1), 
h? (2j7—1)(2j+3) \ jG+1) 
and from 20a and d for j=0 
a.(0,0)=7,(0,0) = 89r?Ap2E/3h?. 
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The polarization resulting when E and H are inclined at an angle y 
to each other may be found by taking the resultant of the polarizations 
produced by the components of E parallel and perpendicular to H, given 
by Eqs. (16), (17) and (21), (22). On doing this we find for all molecules 
with 70 the result 


iia 7 3 1 oe 
ay(j,0) = (Seov' - 5) at -), (23) 


in complete agreement with the classical expression. For 7=0, however, 
we find 
ay(0,0)=7(0,0). (24) 

The previous result regarding the influence of a magnetic field on the 
polarization does not follow, for on summing over m we find again that 
only those molecules in the lowest state, with 7=0, contribute to the 
polarization. From the similarity of (17) and (22) it then follows im- 
mediately that the polarization yy, is still given by the expression on the 
right-hand side of (19), and is consequently independent of the direction 
of quantization. Since for small values of electric and magnetic field 
strengths the only effect of applying a magnetic field to the gas will be to 
change the direction characteristic of the spatial quantization, we thus 
see that on the basis of the new quantum mechanics a magnetic field should 
not influence the dielectric constant of a gas such as hydrogen chloride. 

Since this paper was submitted for publication, a note by Kronig'® has 
appeared in which it is stated that according to the new quantum 
mechanics a magnetic field should be without effect on the dielectric 
constant of a diatomic dipole gas. 


III. COMPARISON WITH EXPERIMENT 


The experiment suggested by the foregoing. considerations was under- 
taken by Dr. L. M. Mott-Smith and C. R. Daily? in the Norman Bridge 
Laboratory of Physics of the California Institute of Technology, with 
the following results, which have been published in detail in the PHysICcAL 
REVIEW. Measurements were made on hydrogen chloride at pressures 
varying from 2 to 350 cm, using a sensitive heterodyne beat method 
of measuring the dielectric constant, and using the gas-handling tech- 
nique described by Zahn.*! The magnetic field strength was about 
4800 gauss, and the electric field strength only a few volts/cm, so that 
the quantization was very closely with respect to the magnetic field. 
At each pressure the dielectric constant was measured with the fields 


19 Kronig, Proc. Nat. Acad. Sci. 12, 488, 608 (1926). 
2° Mott-Smith and Daily, Phys. Rev. 28, 978 (1926). 
21 C. T. Zahn, Phys. Rev. 24, 400 (1924). 
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both mutually parallel and mutually perpendicular. In no case was any 
change in the dielectric constant detected, within a limit of error of about 
one part in 100,000 in €; i.e., about 2 percent in the polarization for a 
pressure of 20 cm. The same result was also obtained with nitric oxide, 
NO. 

APPENDIX 


The motion of a diatomic dipole molecule in crossed fields according to 
the old quantum theory. The equation of motion of the idealized 
diatomic dipole molecule in an electric field E and a magnetic field H 
may be written vectorially as 


d 2 - 
A — [ev] =ulrE]+-[elvea)], (25) 


in which r represents a unit vector in the direction of the axis of the 
molecule, and with the same sense as the electric moment. The velocity 
dr/dt is denoted by v. By means of this equation we shall now determine 
the perturbing influence of the fields to the first approximation. 

The unperturbed motion is characterized by four constants of 
integration. For our purposes it is desirable to choose as these constants 
the direction and magnitude of the total angular momentum vector (three 
constants) and the absolute phase of the motion. The perturbing fields 
produce changes in these quantities, the determination of which con- 
stitutes the perturbation problem. In order to find the perturbations for 
the angular momentum vector let us average each term of (25) through 
a length of time equal to the period of the unperturbed motion. If we 
define P as the angular momentum vector averaged through the period 
of, the unperturbed motion, the left side of Eq. (25) becomes dP/dt, and 
we have 


a aa 
Gale se [rlv H]]. (26) 


The effect of the magnetic field. In order to evaluate the magnetic term 
in Eq. (26) we note that on account of the identity 


[rlv H))+[ A[rv]]+[v[ Hr]]=0 (27) 
and the relation 

< (ele) = vlete] + [e2] 
we may write 


2 [ele] = — [elev] ]—— [ele]. 
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To the first order of approximation we may now take the average value 
of these quantities through a period of the osculating unperturbed motion. 
The second term then becomes zero; and on substituting for [rv] its 
value P/A we obtain the equation 


; (r[vH]] = —> [HP]. (28) 


On substituting this result in (26) we observe that the effect of the 
magnetic field is to produce precessional motion of P about H, with the 
angular velocity —xH/2Ac, in which H=|H]. 

It can further be shown, by determining the Hamiltonian function in 
the way given by Schwarzschild, that the energy added by the magnetic 
field as it is increased adiabatically from zero to H is 


Uau=—«(HP)/2Ac. (29) 


The effect of the electric field. It is found that the average value of [rE] 
taken through a period of the osculating field-free motion is zero; for the 
electric field produces only a second-order effect. In order to determine 
the perturbations due to the electric field it is accordingly necessary to 
consider not the osculating motion in the absence of both the electric 
and the magnetic field, but rather that in the presence of the electric 
field and the absence of the magnetic field.” In this case the Hamiltonian 
function is 


se= (wt *)- Ecos6 (30) 
2A ‘ sin?0 ” ; 


in which @ and @ are the polar coordinates of the axis of the molecule, 
6 being measured with reference to E and ¢ with reference to an arbitrary 
zero-point. E is equal to |E|. The coordinate ¢ is cyclic; hence we may 
write 


po=Asin#¢=az, a constant. (31) 

Substituting this result in (30), and placing p =A@ and F6=ay, the 
energy constant, we obtain ; 

dt=A{ 2Aa,—az*cosec*#+2A uEcos6 | d0. (32) 


* T am indebted to Prof. J. H. Van Vleck for the observation that the justification 
for this procedure may be deduced by a different method developed by Bohr, Born, and 
others for perturbed degenerate systems. The electric term in the Hamiltonian function 
is much larger than the magnetic one, and so the former may be considered of the first 
order and the latter of the second. The former, however, gives only a second-order 
effect because its average value is zero to a first approximation. Born notes on p. 302 
of his Atommechanik that in such cases it is possible to determine the secular perturba- 
tions by first averaging over the rapidly fluctuating first-order terms in the absence 
of the second-order perturbing terms, and hence it is legitimate for us to use the 
Hettner expression (36) even in the presence of a magnetic field. 
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Inasmuch as the old quantum theory required that the energy of the 
lowest quantum state be h?/327°A in order to account for the pure 
rotation spectrum of hydrogen chloride, the quantity wE/a, can be 
treated as very small in comparison with unity. It is accordingly per- 
missible to expand the radical in the denominator and neglect higher 
powers of wE/a,. 
We may use for the period 7 of the variable @ the value corresponding 
to zero field; namely, 
t= 1(2A/a)! (33) 
In order to determine the motion of the vector P, we note that from 
Eqs. (31) and (32) we may write 
do =(a./A sin?6)dt 
In the time 7 in which @ goes through a complete libration @ progresses 
from @p» to ¢,, an angle given by the equation 





Qe r dt dé 
r—oo=— f ee g . ’ 
, ' A Jo sin’ ’ sin’ { 2A ai —a22cosec*O+ 2A pEcos6 |! 
or, to the first approximation, 


8a; Aa, 


$,—oo= 24— (34) 


Sap? Eae 2 ). 


The system has undergone a pseudo-regular precession about the electric 
field, with a velocity which to the first approximation is found from 
Eq. (34), using the value of 7 given by (33) and introducing for a; the 
value ~*/2A and for a, the value pcos 0, we thus find the velocity of 
precession to be — (3u?E?A/2p*)cos@. Since in the absence of the mag- 
netic field this angular velocity provides a measure of the magnitude of 


dP/dt, and hence of u{[rE], we are now able to write 


u[rE] = 3u2A (PE) [PE]/2p! (35) 


The contributior of the perturbing field to the energy function can be 
shown, as has been done by Hettner, to have the value 


p?E2A 


= ip (1—3cos?0). (36) 


ee 


The combined effect of an electric and a magnetic field. Substituting 
(28) and (35) in (26), we obtain the result 
dP 3y?A 


K 
“+ [PE] re [HP], (37) 
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which shows that the average angular momentum vector P undergoes 
simultaneously precession about both the electric and the magnetic field, 
with the indicated velocities. The magnetic term of this equation differs 
from that of Klein and Lenz only in the replacement of —e and m by 
x and A; the electric term is, however, completely different. For the 
first-order effect of the electric field is in our problem zero, and we have 
used the second-order term, corresponding in the case of the hydrogen 
atom to the quadratic Stark effect, which was neglected by Klein and 
Lenz. 

Our differential equation is easily soluble in the scalar form. The Z-axis 
is chosen along E, and the X-axis in such a way that H lies in the XZ 
plane, making the angle y with E. Purely kinematically the following 
equations are then obtained from Eq. (37): 


db/dt= —wcosO —w,+w.cotOcos®, (38) 


and 

dQ/dt=w sin? , (39) 
in which 

@, =Wy sin y and w, =wy cos yp. 
As shown in Fig. 1 the angles 0 and ® are the polar coordinates of the 
vector P. Dividing (38) by (39), we obtain 


cosOcos$ — sinOsinbdb/dO = (w/w-)cosOsinO + (w,/w:)sinO, 
which on integration gives the equation 
cosbsin@ = — (w,/wz)cos@ — (w/2w-z)cos*O+B, (40) 


showing the relation between 0 and ® during the perturbed motion. 
On substituting the value for cos ® given by this equation in (39) and 
integrating, we obtain 


— oe f (aot +4axt°-+ 6ast?-+4ast-+a,) “Ade (41) 
*o 


in which x=cosQ 
and do= —u*/4u*, 
a1= —ww,/4w.? 
1 w w,” 
afr) 
Here xo is one of the roots of the equation 
aot*+-4a 1° + Gat? + 4a3t+a4=0 ; (42) 


namely, it is the smaller of the two real roots lying between —1 and +1, 
between which x performs librations. 
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If we now make the substitution 


Az As A, As 
o=—+—~) s=— ’ 
2 §§&—<xXo 2 x«x—X9 


Eq. (41) becomes 


—w,(t—to) -{ (40°— goo—gs3)*do, (43) 


in which ge and g; are the invariants of Eq. (42) and have the values 


82 = Aod4—40103+3a2* 
£3 = dod2d4+ 2410203 — 2° — aod3*—a17a4, 
while Ao=doxo?+ 2a1X9+ a2 


A3=doXo°+ 341%0?+ 3a2x0+a3. 


Now let e, e’, e’’ be the roots of the equation 40°— g.0—g;=0, and such 
that e<e’<e’’<S<«. Wecan then write 


4q°— gog — g3= 4(c—e)(o—e’) (o—e”’). 


If we now make the substitution 
, el” —e@ ; e!'—e 
sin*y = » sin’g= » f=u——-, 
o—e s—e e’—e 


Eq. (43) becomes the following: 
e 
tilt ay f (1—ksin’y) “Fay. 
0 


This is the Legendre normal form of the elliptical integral of the first 
kind. We may accordingly write as the solution of our problem 


—w2(t—to) = (e” —e) 4F(¢,k). 


This last equation gives the relation between ¢ and #, and hence between 
© and ¢, for @ was obtained from © by means of the transformations given 
above. On substituting this expression for © in Eq. (40), a similar 
equation giving the relation between ® and ¢ is obtained. 

Since the same elliptic function is thus shown to occur in the relations 
between both © and @ and #, these two variables have the same period. 
Accordingly the secular perturbations are characterized by only one 
period, and the entire system by two, that of the unperturbed system 
and that due to the perturbing forces. If we represent by r’ the time 
required for one cycle in the precessional motion of P, we can evidently 


write 
—w.(e"—e)) - r= 2F(x/2,k)=2K, 
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in which K is the complete elliptical integral of the first kind. The cor- 
responding frequency of precession is 


y=1/r'=—w.(e”—e)*/2K. “44) 


The determination of the quantum-allowed states of motion. The per- 
turbed system is now non-degenerate, and two quantum conditions are 
required to determine a given state of motion. Bohr has shown that to 
the first order of small quantities one of these conditions is that character- 
izing the unperturbed motion; in this case 


Wo=I2/8x2A =j2h?/Sx2A. 


Moreover, he has remarked that to the same approximation the average 
contribution YW of the perturbing forces to the energy function must 
remain constant throughout the secular motion. 

Reference to the kinematical relation between ® and © (Eq. 40) 
verifies that V is not a function of the time, for from (29) and (36) we find 


V=Vet+Vu=twp—wipB. (45) 


The second quantum condition can now be obtained ; for the second action 
variable J, must satisfy the relation 


bv =vbre. 


There are, however, only two constants which determine the secular 
perturbations; one is the quantity B given by (40), and the other is a 
constant fixing the absolute phase of the motion of P. The second 
constant is of no significance with regard to the quantum conditions; 
so that the only variation that J; can experience must result from a 
variation in B. Hence we can write 


5Y =»(dI2/dB)5B, 


or, collecting terms involving B and integrating, 


On dB 
I,= —-— - —-++ constant. 
OB v 


The constant can be included in'the quantity Iz, which can then assume 
only the values allowed in case either the electric or the magnetic field 
is present alone. We are thus led, with the use of (44) and (45), to the 
following equation giving the second quantum condition: 


2» f (e’ —e) *KdB=I,=mh, (46) 


in which J; has been placed equal to its quantum-allowed value mh, m 
being the directional quantum number. 
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It can easily be shown that in case only one field is present or the fields 
are parallel or anti-parallel this equation leads to the spatial quantization 
obtained in the usual way by the separation of variables. 

The system in the presence of an electric field small relative to the magnetic 
field. If the electric field is so small relative to the magnetic field that the 
quantity w/w,, is small compared with unity, the expression determining 
the action variable J; may be evaluated. In this case the two quantities 
a and a; may be treated as small, and it is then possible to determine the 
three roots e, e’, and e’’ of the equation 40°— g.0—g;=0 by the method 
of successive approximations. On doing this there result as a second 
approximation the expressions 

dg 401;03—a9a4— (12a 9a2(3a2a4— 2a;3?))# 


¢=—— 


2 12a2 
44,03 — aod4+(12aae(3a2a4— 2a3”))* 
12a> 
6410203— doa3” 
9a,” 
By substituting these values in (46), using the well known series develop- 
ment for K, and integrating, neglecting powers higher than linear in 
w/wy, there is obtained the equation 








oe” = —<d@eT 





w mh mh 
2rpBsiny = mh | 1 +43 sin*y ———sin*y + —-cos*y 
wy 8rp 4rp 


mh? mh? ; 
+ oe atingcosy — int] . (47) 


Furthermore, the quantity B sin y is given by the relation 
Bsiny = cosA+ (w/2wy)cos*®, (48) 


in which A is the angle between P and H. Hence we have proved that 
except for corrections proportional to and of the order of magnitude of 
the first power of w/w,, the spatial quantization with crossed fields is 
the same as with the magnetic field alone; namely, that the component 
of angular momentum in the direction of the magnetic field must be 
equal to mh/2r. 

In conclusion I wish to express my appreciation of the interest which 
Professor A. Sommerfeld has shown in this work, and to acknowledge 
my indebtedness to the John Simon Guggenheim Memorial Foundation 
and to the California Institute of Technology for their financial assis- 
tance. 


PASADENA, CALIFORNIA, AND MuNICcH, GERMANY. 
September 10, 1926. 
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THE DIFFERENCES IN THE TIME LAGS OF THE FARADAY 
EFFECT BEHIND THE MAGNETIC FIELD IN 
VARIOUS LIQUIDS 


By J. W. BEAaMs* AND FRED ALLISON 


ABSTRACT 


Plane-polarized light from a zinc spark was passed through two liquid cells 
in succession. At the same time the current impulse through the spark passed, 
through leads of variable length, to oppositely wound solenoids surrounding 
the cells, where the magnetic fields rotated the plane of polarization of the light. 
By a proper adjustment of the positions of the cells and of the length of the 
lead wires it was possible to secure equal and opposite rotations of the plane 
of polarization in the two cells. Another liquid was then placed in one of the 
cells and its position changed until again the rotations were balanced. The 
distance the cell had to be moved, divided by the velocity of light, gave the 
difference in the time lag of the Faraday effect in the two liquids. The lag in 
carbon bisulphide behind that in hydrochloric acid was 0.3X10~® sec. The 
lags in the following liquids behind that in carbon bisulphide were found to be 
(in 10-® sec.): carbon tetrachloride 1.1; water 1.1; benzene 1.9; xylene 2.1; 
chloroform 2.4; toluene 2.5; amyl alcohol 4.0; bromoform 4.1. The precision 
of the results is about 0.3 X10~° sec., depending somewhat upon the liquid. 


LL transparent isotropic liquids when placed in a magnetic field 

acquire the property of rotating the plane of polarization, provided 
the light traverses the liquid in the direction of the lines of force. As long 
as the magnetic field is constant the rotation is constant, but if the field 
is reversed the rotation is reversed. .This phenomenon is the well known 
Faraday effect. 

Many attempts! have been made to detect a time interval between 
the removal of the magnetic field and the disappearance of the Faraday 
effect as well as the time interval between the application of the field 
and the appearance of the Faraday effect. Abraham and Lemoine? con- 
cluded from their experiments that the lag of the Faraday effect behind 
the magnetic field must be less than 10-* sec. in the case of carbon 
bisulphide, while many others have shown that the magnetic rotatory 
polarization in an alternating field follows the variations of the field 
almost exactly and it has generally been concluded that if the above 
time lag exists, it is probably too small to measure. We have therefore 
thought it worth while to investigate this time lag by a very sensitive 
method by means of which a difference of 0.3X10~-° sec. in the lags of 

* National Research Fellow. 


1 See Wood, Physical Optics, p. 500, Macmillan Co., 1923. 
2? Abraham and Lemoine, Comptes rendus 30, 499 (1900). 
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the Faraday effect behind the magnetic field in various liquids can be 
measured. 

In Fig. 1, C is a parallel plate condenser with a capacity of 7x10-* 
microfarads. A is a variable spark gap containing zinc electrodes, L a 
lens which renders the light from A parallel, F a light filter transmitting 
a narrow spectral region around the bright spark lines 4912, 4924A of 
zinc practically alone, while N; and N2 are Nicol prisms. B; and Bz are 
glass cells, made as nearly identical as possible, which contain the liquids 
under investigation. Each cell is provided with side tubes by means of 
which one liquid can be replaced by another. A helix of 18 turns of 
No. 18 copper wire is wound around each tube. 7,7; and 727? are cross 
wires by means of which the length of wire from A to B,; and from A to 
B, can be lengthened or shortened symmetrically by the observer at E. 
The leads to Bz were so arranged that Bz could be moved in the direction 
of AN,N;2 a distance of 4 or 5 meters without changing their lengths or 
distance apart. The source of high potential was an induction coil which 


T 


Fig. 1. Diagram of apparatus. 


charged the condenser C 500 times per second. It might be noted here 
that there were no oscillations in C large enough to affect B,; and Bz, 
appreciably at least, after the initial discharge. This was verified ex- 
perimentally. 

Suppose B, and By, are first filled with carbon bisulphide and the 
condenser C is charged until the spark jumps across A. The electric 
impulse travels from A along the lead wires to P where it divides, equal 
and symmetrical parts passing over PT,B, and PT2Bz. When the electric 
impulse reaches B; a magnetic field is established in the carbon bisulphide 
and hence because of the Faraday effect, light from the spark A made 
plane polarized by the Nicol N has its plane of polarization rotated and 
will therefore pass the Nicol Nz. On the other hand, if the other part of 
the electric impulse reaches Bz over the path P7;B, at a time equal to 
the distance between the centers of the cells divided by the velocity of 
light, after the arrival of the electric impulse at B,, the plane of polariza- 
tion of the light is rotated back into its original direction provided the 
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helix around B, is so wound that the direction of the lines of force in Bz 
is opposite to that of those in B, and that the magnitudes of the magnetic 
fields are identical. The length of the lead wires APT,B, was first ad- 
justed so that the electric impulse arrived at B, during the time that the 
spark lines 4912, 4924A of zinc were of maximum intensity.? The length 
of APT:Bz was then adjusted by moving 727, until no light from A 
passed Nz. This adjustment insures that the rotation of the plane of 
polarization produced in B, is exactly neutralized by the rotation in Bs. 
If now Bz is moved backward in the direction AN, N2 without changing 
the length or relative position of the lead wires APT.2Bs, it was found 
that light passed N2. If, however, each of the lead wires APT2B: was 
lengthened an amount equal to the distance through which Bz was moved, 
the light was again extinguished, i.e., the velocity of the impulse along 
the lead wires was approximately equal to the velocity of light, which is 
in accord with many well known observations. 

B, was placed immediately behind B, and the lead wires were adjusted 
so that no light passed N2. The carbon bisulphide in B, was then removed 
and carbon tetrachloride substituted in its place. Light from A then 
passed Nz. Bz was then moved back in the direction of Nz and at a 
distance of 32 cm the light coming through NV passed through a distinct 
minimum. 

When the same liquid, carbon bisulphide in this case, was in both B, 
and B, and the lead wires adjusted so that no light passed Ne, then the 
magnetic fields in B, and B, were established and removed almost simul- 
taneously, differing only by the time required for light to pass from B, to 
B;. When the carbon bisulphide was replaced by the carbon tetrachloride, 
the magnetic fields were still applied and relaxed together as before, but it 
was necessary to move B; back a distance of 32 cm in order to obtain a 
minimum amount of light through V2. The Faraday effect must therefore 
lag behind the magnetic field in carbon tetrachloride 1.1 10~* sec. longer 
than in carbon bisulphide. Various other liquids when substituted for 
carbon tetrachloride showed distinct differences in time lags. The results 
are shown in the table together with the Verdet constant, and the mag- 
netic susceptibility. 

In practically all the above cases, because of differences in the mag- 
nitudes of the Verdet constants it was not possible completely to ex- 
tinguish the light passing Ne, but in every case a very sharp minimum 
occurred. By checking each liquid against the various other liquids 
having almost equal Verdet constants, the possible errors of reading a 


* Reams, J.0.S.A. & R.S.I. 13, 597 (1926). 
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minimum were somewhat reduced and the precision of the results given 
in the table is about 0.3 X 10~° sec., although differing slightly for different 
liquids. 

TABLE I 





*Verdet constant in **Magnetic sus- Time lag behind 
minutes ceptibility K X10® Carbon bisulphide 
Liquid 4=5890A at 20°C Seconds 


Hydrochloric acid HCl 0.0224 (15°C) —0.83 —0.3x1079 
Carbon tetrachloride CCl, 0.0321 (15°C) —0.72 1.1 
Water HO 0.0130 (15°C) —0.75 
Benzene C.He 0.0297 (20°C) —0.69 
Xylene CsHio 0.0221 (15°C) —0.69 
Chloroform CHCl; 0.0164 (20°C) —0.76 
Toluene C;Hs 0.0269 (28°C) 

Amy] Alcohol C;H:10OH 0.0131 (15°C) —0.68 
Bromoform CHBr; 0.0317 (15°C) —0.98 
Carbon bisulphide CS. 0.0441 (20°C) —0.74 





B® DOD he 
orourrF ore 





*From the Smithsonian Tables. 
**L_ andolt-Bérnstein Tabellen, 5. Auflage. 


The fact that it was possible to obtain a sharp distinct minimum of the 
light transmitted by NV? indicates that the time between the application 
of the magnetic field and the appearance of the Faraday effect is prac- 


tically equal to the time between the removal of the magnetic field and 
the disappearance of the Faraday effect; or that the differences in the 
two above times are the same for the liquids investigated. It will be 
noted from the table that the differences in the time lags are not simple 
functions of the differences in the Verdet constants or the magnetic 
susceptibilities. 

We wish to thank Professor L. G. Hoxton for his interest in the work 
and: for placing apparatus at our disposal. 

Rouss PuysicaL LABORATORY, 


UNIVERSITY OF VIRGINIA. 
September 3, 1926. 
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THE RESISTANCE OF COPPER WIRES AT VERY 
HIGH FREQUENCIES 


By W. M. RoBeEerps 


ABSTRACT 


At frequencies of the order of 10’ cycles the distributed capacity of single 
loops of wire may cause sufficiently unequal current distribution in the loop to 
account for large apparent discrepancies between observed and calculated 
resistances. For a given frequency, more uniform current distribution is gained 
by decreasing the size of the loop and simultaneously increasing the capacity 
of the tuning condenser. Curves are plotted with ratio of observed to calculated 
resistance as ordinate and condenser setting as abscissa. For No. 20 copper 
wire at 0.86 X10’ cycles the ratio decreases to at least 1.05 as the current dis- 
tribution along the wire is made more and more nearly uniform. For No. 16 
oxide coated copper wire the ratio reduces to at least 1.35. The discrepancy in 
both cases is accounted for by the same value of condenser resistance. Observed 
resistance of a given loop is shown to vary greatly as condenser resistance is 
changed. Curves are run at 1.510’ cycles on No. 20 bright copper wire, 
No. 20 oxide coated copper wire, and No. 20 silver wire. For all curves the 
ratio fell well below 1.45 and was still decreasing as far as data were taken. 
Since curves run on bright copper wire coincide with curves run an exactly 
the same wire after it had gained a heavy coating of oxide, it can be definitely 
stated that the presence of oxide has no appreciable effect on the resistance. 


peeves experiments have shown a considerable discrepancy 

between observed and calculated values of the resistance of copper 
wires at frequencies of the order of 10’ cycles. The results of one series 
of investigations! indicate that at a wave-length of 20 meters (1.5 10’ 
cycles) the observed resistance of No. 18 copper wire is some four or five 
times the resistance as calculated from theoretical formulas. The object 
of the following experiments was to investigate whether such a dis- 
crepancy really exists. 

The method of procedure was to construct a single rectangular loop of 
the wire whose resistance was to be measured and to couple this loop 
inductively to an oscillator radiating the desired frequency. It was found 
that if the loop was as near as 30 cm to the oscillator the current in the 
oscillator was reduced by about one percent as the loop was tuned. In 
order to avoid any effect due to coupling of loop and oscillator, the 
coupling was kept very loose. In no case was the loop nearer than one 
meter to the oscillator; in many cases it was over one and one-half 
meters away. The wave-length was measured by means of a wave-meter 
calibrated for short wave-lengths. The loop was tuned to the given 


1 Austin Bailey, Phys. Rev. 20, 154 (1922). 
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frequency by a variable condenser inserted in the loop. The current was 
measured with a sensitive thermocouple and galvanometer. The diagram 
of the apparatus is shown in Fig. 1. A known standard resistance of the 
order of that of the loop was then inserted and the loop again tuned. 
Then from the ratio of the “current in the loop without the standard 
resistance” to the “‘current when the standard resistance was in the 
loop,” and from the known values of the thermocouple resistance and 
standard resistance, the resistance of the remainder of the loop could be 
found. The value thus found was compared with the value as calculated 
for the same length of wire by means of a standard formula. 
The formula used was one deduced by A. Russell.? It is: 


R R (stat 3 1 4 )] 
a.c.— 4\d.c. 7 4 2q 8922! 2g!2! 


Clips 


M.A. 75 Tuning ‘ 
3 juncti n 
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Galvanometer 











Fig. 1. Diagram of apparatus. 


where gq is defined by g=7d(2uf/p)* in which d is the diameter of the 
conductor, w the permeability, f the frequency, and p the resistivity of 
the conductor in abohms per cc. Platinum wire 0.0069 cm in diameter 
was used as the inserted standard resistance. J. D. Stranathan*® has shown 
that platinum is normal in its resistance properties at high frequencies, 
and for wire of this size the calculated high frequency resistance is not 
two percent higher than the direct current resistance; hence it was 
considered safe to assume the calculated value of resistance for this wire 
to be correct. However, the Russell formula given above is only semi- 
convergent and cannot be applied in computing the resistance of wires 
the size of the platinum resistance wire here used. Therefore a formula 
due to Lord Rayleigh was used to get the resistance of the standard 
resistance wire. This formula is 


2 A. Russell, Phil. Mag. 17, 524 (1909). 
§ J. D. Stranathan, Phys. Rev. 26, 500 (1925). 
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h2 h* hé 
Rac. =R ec. 1 eee ss 
: ( + 43 2880 * 58047 ) 


where h = (ufz*d?)/p in which yp, f, d and p represent the same quantities 
as in the Russell formula. 

The galvanometer and thermocouple were calibrated by passing a 
known direct current through the thermojunction and observing the 
deflection of the galvanometer. The same current was sent in the reverse 
direction and again the galvanometer deflection noted. The average of 
these two deflections was taken as the deflection caused by an alternating 
current of the same intensity. Previous work in this laboratory‘ has 
shown this procedure to be in error by considerably less than one percent 
when the galvanometer deflections for direct and reversed currents agree 
as closely as theydid with the thermocouple used. Considering the small- 
ness of the currents used, this accuracy is better than that which could 
have been obtained through calibrations made with the a.c. instruments 
at hand. Two calibration curves of the galvanometer and thermocouple 
were made, one before starting the series of experiments and one at the 
close. The two sets of data checked to less than one percent. 

The resistance of the thermojunction was measured at each frequency 
used in the tests. This was accomplished by placing both the ‘junction 
to be measured and another similar one in the same circuit and measuring 
the current in it with the second ‘junction. The loop was tuned and maxi- 
mum current observed. The ‘junction whose resistance was desired was 
then replaced by a short piece of the standard resistance wire and the 
loop again tuned. The length of resistance wire was varied until the 
galvanometer showed exactly the same deflection as when the thermo- 
junction was in the circuit. Then from the length of the standard wire 
the resistance of the ‘junction could be calculated. 

The size of platinum resistance wire used in the above procedure was 
so chosen that its length would be approximately equal to the distance 
between the ‘junction terminals when their resistances were equal; in 
this way the dimensions of the loop remained unchanged when the 
resistance wire was substituted for the ‘junction. In this manner the 
resistance of the thermojunction could be measured at any frequency to 
less than two percent. All direct current resistances were measured 
accurately with Wheatstone and Kelvin bridges. 

The test loop was always twice as long as it was wide and was supported 
by means of cotton strings stretched taut. Such support helped to isolate 
the loop from’ solid dielectrics as well as to insulate it. No particular 


‘J. D. Stranathan, Master's Thesis, 1924. 
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care was taken to insulate the galvanometer, though it was mounted on 
a dry wooden base. The condenser was inserted at the corner of the loop, 
as shown in Fig. 1, and was mounted rigidly on the corner of a small 
table. The thermojunction was mounted rigidly at the opposite corner 
of the loop since preliminary tests showed the maximum current in the 
loop to be at this point. Next to the thermojunction were two clips for 
insertion of standard resistance wire. A cotton string wound around a 
large pulley on the condenser shaft extended some distance away. By 
means of this the condenser could be tuned without the observer’s being 
near the loop. 

The tests were run as follows: the oscillator was tuned to the desired 
frequency and placed at about a meter and a half from the test loop. 
A piece of test wire (the same as that in the loop) was inserted between 
the clips and the loop tuned. The current J, in the loop was then noted 
from the galvanometer deflection and calibration curve. The small piece 
of test wire was then replaced by the standard resistance wire rp, the 
loop tuned and the current, J,, noted. This process was repeated from 
three to five times for each measurement. In some cases different values 
of r, were used for a single measurement. However, this did not always 
prove desirable because the value of r, could be determined with far 
greater accuracy than the ratio J,/J., when the latter was very different 
from 0,5. Therefore, such values of rp were used as would give approxi- 
mately 0.5 for J,/I,.. Then if / is the length of the wire which is changed 
as just described, L the length of the wire in the loop which remains 
unchanged, R; the resistance of the thermojunction at the given fre- 
quency, R, the resistance of length L of the test wire, r, the resistance 
of the inserted platinum wire of length /, and r, the resistance of the 
inserted piece of test wire, then 


I,/Ie= (Ry +Re+re)/(Ri+R-+1p) 
Letting M=I,/I. and noting that r,=/R,./L, we have 
R= [(M—1)Ri+1r)M]/[1+(/L)—M] 

which gives the observed resistance of length LZ of the test wire. In this 
calculation the resistance of the condenser was entirely neglected. This, 
however, is not a legitimate procedure as has recently been shown by 
R. R. Ramsey,’ and Maibauer and Taylor,® as also by the results of 
the present experiment. 


5 R. R. Ramsey, Paper presented at Washington Meeting of Am. Phys. Soc., April, 
1926. 


6A. E. Maibauer and T. Smith Taylor of Bakilite Corp. in paper presented at 
Kansas City meeting of Am. Phys. Soc., Dec., 1925. 
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Preliminary tests showed that if the size of the loop was varied the 
observed resistance per unit length of the wire in the loop varied greatly. 
Sensitive milliammeters placed at various points in the loop showed that 
the current varied greatly along the wire; the large variation was of 
course due to distributed capacity. Now since the resistance of a circuit 
is defined’ as the real part of the complex quantity z which is such that 
if the current 7 is the real part of Je**‘ and if the e.m.f. e is the real part 
of Eei*', where J and E are real or complex quantities independent of 
the time ¢, where 7 = (—1)!, and where € is the base of natural logarithms, 


then 
E=zI 


When this definition is applied to series circuits it is immaterial where 
e is applied or where i is measured. But in the loops here used the dis- 
tributed capacity is in parallel with the variable condenser and the 
inductance of the loop, and hence the current 7 would not be uniform 
throughout the loop. Therefore, the resistance must be defined for each 
point in the loop or else the circumstances must be made such that the 
series condition is approximated. The more nearly the series conditions 
are attained the more nearly will the observed resistance approach the 
true resistance as above defined. 

It was found that as the condenser capacity was increased and the size 
of the loop correspondingly decreased to keep the resonant frequency 
constant, the current throughout the loop became more and more nearly 
uniform, thus approaching the series conditions. Hence the observed 
resistance should approach a correct value. 

In the following experiments, therefore, data were taken such that 
curves could be plotted of resistance against something that varied as 
the uniformity of the current in the loop. Since the current became more 
uniform as the condenser capacity was increased, the condenser setting 
was used as abscissa. Since the capacity of the condenser was not exactly 
proportional to the condenser setting no definite conclusions can be 
drawn from the exact shapes of the curves. The curves show better how 
the observed resistance approaches the calculated resistance if the ratio 
of the observed resistance to the calculated resistance is plotted as 
ordinate. 

The data for the curve of Fig. 2 were taken at a frequency of 0.86 x 10’ 
cycles (35 meters wave-length). The solid curve is for No. 20 cotton- 
covered copper wire. It is seen that this curve very definitely flattens 
out at a ratio of about 1.05. This would indicate that there might be a 


7 Bureau of Standards Scientific Paper No. 430. 
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small resistance in the loop of which no account had been taken. A simple 
calculation showed that a resistance of 0.12 ohms would cause such a 
discrepancy. This is the order of the resistance of a low loss air condenser 
at these frequencies, as shown by R. R. Ramsey. A curve was then run 
on No. 16 heavily oxide-coated copper wire at the same frequency and 
the results are shown in the broken curve. It is seen that this curve does 
not come down nearly so far as the other. But since this wire was so much 
less in resistance than the No. 20 wire, a calculation similar to that above 
shows that here also, an unaccounted for resistance of about 0.15 ohms 
would account for the discrepancy. This value agrees with the previous 
result within the limit error. 
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Fig. 2. Ratio of the observed resistance to the calculated resistance as a function of the 
condenser setting. 





The curve of Fig. 3 was run on the No. 20 cotton-covered wire at 
30 meters wave-length (107 cycles) and it shows the same form as the 
curves in Fig. 2. However, in this curve some changes were made in the 
condenser to see how it was affecting the resistance of the loop. The 
resistance plotted at point (1) of this curve was taken with the condenser 
just as it had been for the previous points in the curve. One plate of the 
condenser was removed so that at tuned position there was less “idle”’ 
area, that is, a larger proportion of the total area of the plates was 
opposed to another plate. Under these conditions the resistance found 
was as indicated at point (2). The spacing between the plates was next 
decreased and point (3) obtained. Then another plate was added, still 
with the closer spacing of the plates, and point (4) was obtained. 
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Another condenser was built with copper plates which had the ad- 
vantage that the plates could be soldered together, whereas the aluminum 
plates could not be. With this condenser point (5) was obtained. Thus 
it is seen that slight changes in the condenser affected appreciably the 
observed resistance of the loop. It is also apparent that as the condenser 
capacity is increased by decreasing the spacing the resistance is lowered 
more than by decreasing the “idle” area of the plates. However, the 
changes in contact resistance between the plates was probably more res- 
ponsible for the changes in resistance here observed than are the losses in 
the dielectric or plates. 

Former investigators! have been led to believe that oxide which easily 
forms on copper causes an appreciable discrepancy between observed 
and calculated values of high frequency resistance. Therefore, in order 





1.60 T at. T T 


WAVE-LENGTH~ 30 MeTeRS 
: 160 No. 20 Cotton Covered Copper Wire _| 


140 


1.20 








l | l | l 
50 100 125 150 175 200 225 250 
Condenser Setting 


100 





Fig. 3. Ratio of the observed resistance to the calculated resistance as a function of the 
condenser setting. 


to see whether or not oxide on the wire made a great difference, the 
following experiments were carried out. A “resistance ratio’”’—“‘condenser 
setting’ curve was run on No. 20 cotton covered copper wire at a wave- 
length of 20 meters (1.510’ cycles). This is shown in the solid curve 
of Fig. 4. Some of the same wire was then carefully stripped of its 
insulation and laid out in the weather for ten weeks. At the end of that 
time it had gained a heavy brown coating of oxide. A curve was then 
run on it at 20 meters wave-length. This curve is shown as the dotted 
curve in Fig. 4. It is seen that these curves coincide within limits of 
error. If there is a difference, the oxide-coated wire has less resistance 
than the bright cotton insulated wire. Further tests showed that the 
resistance introduced by the cotton insulation was entirely negligible. 
These results prove conclusively that the presence of oxide has no 
appreciable effect upon the high frequency resistance of copper wire. 
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Another curve was run at the same wave-length on No. 20 silver wire. 
It is known that silver does not easily form an oxide and therefore any 
effects of oxide would be absent in this curve. This is shown in the 
dashed curve of Fig. 4. This curve shows a higher ratio of observed to 
calculated resistance than did the copper, but in general the shape is 
the same and it still is decreasing rapidly as far as data were taken. 

In the foregoing tests the errors which are likely to occur all contribute 
to make the resistance ratio higher rather than lower than the actual 
values. All contact resistances and inaccurate tuning tended toward 
making the observed resistance high. Also the formula used for cal- 
culating the resistance applied only to long straight wires. Hence the 
corners of the loop as here used, and the interlocking magnetic fields of 
the sides of the loop, might be expected to raise its resistance somewhat. 
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Fig. 4. Ratio of the observed resistance to the calculated resistance as a function of the 
condenser setting. 


Therefore, it cannot be claimed that these curves are in errorby less than 
five or six percent. Many points were repeated and the deviations were 
all less than this figure. Besides the above mentioned errors there is that 
introduced by the condenser resistance which recent investigations have 
shown is not negligible at the frequencies here used. 

In conclusion it can be said that the foregoing results have shown that: 
1. There is no great discrepancy between calculated and observed 
resistance of No. 20 copper wire at frequencies up to 1.510’ cycles. 
2. The differences which are found here are certainly due in the greatest 
part to condenser resistance. 3. If the acquisition of oxide by copper 
wires causes any change in resistance at all it is very small. 

In closing the author wishes to express his appreciation and thanks 
to Professor J. D. Stranathan for his many helpful suggestions and his 
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continued interest throughout the investigation, and to Mr. Lawrence 
Lynn for his skill in the building of apparatus. 


BLAKE PuysIcAL LABORATORY, 
UNIVERSITY OF KANSAs. 
September 1 1926 
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ON THE PRINCIPAL MAGNETIC SUSCEPTIBILITIES 
. OF CRYSTALS 


By I. I. Rast 


ABSTRACT 

A new method of measuring the principal magnetic susceptibilities of 
crystals.—The crystal to be measured is immersed in a solution, the suscepti- 
bility of which is varied, and the orientation of the crystal adjusted till there is 
no movement of the crystal due to the magnetic field. The susceptibilities of 
the solutions are then measured. From these values the principal suscepti- 
bilities can then be easily obtained. The method does not require any prepara- 
tion of crystal sections, measurement of the magnetic field or gradient of the 
field. The range of application of this method is for volume susceptibilities of 
—0.9X10°§ to +7010". 

The principal magnetic susceptibilities of certain crystals—The above 
method is applied to the measurement of principal susceptibilities of 14 crys- 
tals. Of these eleven are paramagnetic, and belong to the monoclinic double sul- 
phate hexahydrate isomorphous series, MeSO,* R2SO,° 6H,O. With these crys- 
tals the results seem to indicate that, unlike the optical and crystallographic 
properties, the principal susceptibilities and their relative magnitudes depend 
almost entirely on the paramagnetic ion alone. The influence of the alkali or 
ammonium ion is secondary. In the series containing copper the greatest dif- 
ference in maximum and minimum susceptibilities is 28 % of the average sus- 
ceptibility, in the nickel series 4%, in the Co series 32 %, in the Fe series 16% 
and in the Mn series 1%. Of the diamagnetic crystals, NaNO; and KNO;, 
which are similar in their crystallographic properties to calcite and aragonite 
respectively, show similar magnetic properties. 


HIS paper presents an experimental study of the principal mag- 

netic susceptibilities of a series of chemically and crystallo- 
graphically related crystalline compounds. The method involves the 
obtaining of solutions with the same susceptibilities as the crystal in 
definite known directions, and the measurement of the susceptibility 
of these solutions. 


HISTORICAL 


Measurements of the principal magnetic susceptibilities of crystals 
have been attempted by a number of investigators since the early quali- 
tative work of Tyndall. Voigt and Kinoshita! measured a number of 
para- and diamagnetic crystals. Finke? in the same laboratory did 
some work on the well known monoclinic isomorphous series of double 
sulphates MeSO,R2SO, - 6H:O. More recently Jackson* and Foex‘ 

1 Voigt and Kinoshita; Ann. der Physik 24, 492 (1907). 

* Finke, Ann. d. Physik 31, 149 (1910). ~ 


* Jackson, Phil. Trans. R. S. A. 224, 1 (1923); R. S. Proc., A, 104, 671 (1923). 
* Foex, Ann. d Physique 16, 174 (1921). 
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have made measurements of paramagnetic crystals over great temper- 
ature ranges. , 

The experimental procedure in these attempts was to cut definite 
sections out of the crystal and to measure the force or torque on these 
sections. With a knowledge of the field and its gradient the suscepti- 
bilities could then be calculated. Another way was to compare the 
force or torque with that on a standard substance of the same dimen- 
sions. 

It is evident that there exist in these methods many possibilities of 
error incident to the measuring of the field, the gradient of the field, the 
preparation of the crystal sections, the placing of the crystal in the field 
(especially in view of the great attraction toward the pole pieces in the 
case of strongly paramagnetic substances), the difference in various 
sections due to the non-homogeneity of the crystal, etc. In the present 


AY 


Pole piece 








( 
Cry 
fs 


Fig. 1. Placing of crystal as seen from above. 





investigation the aim has been to eliminate as far as possible these 
sources of error. 


METHOD 


The crystal is suspended vertically in the non-homogeneous field of 
a Weiss magnet as shown in Figs. 1 and 2. The suspension is a glass 
thread sufficiently thick to prevent any detectable turning of the crystal 
due to the action of the field. The thread is attached to a graduated 
head, giving the possibility of rotating the crystal. The crystal is first 
attached (with proper regard to orientation) to a fine glass thread about 
10 cm long by means of the smallest possible amount of molten shellac. 
This thread in turn is attached to the rest of the suspension, the whole 
being about 75 cm long. The suspension is arranged symmetrically 
between the pole pieces (as shown in the diagrams), and the orientation 
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of the crystal about the axis of suspension is made definite by sending 
a narrow beam of light along the Y-axis and reflecting it back from a 
known face of the crystal. This together with the crystallographic data 
makes the orientation of the crystal completely known. 

The crystal is suspended in a solution the susceptibility of which can 
be varied in the range of susceptibilities of the crystal. The container 
is pictured in the diagram. The arrangement makes it possible for the 
solution to be drawn out into another vessel and its susceptibility 
changed by the addition of other substances. Since all the crystals 
used in this research were water soluble, the solutions were first made 
saturated with respect to the material of the crystal used. This ef- 
fectively prevented thedissolving of any of the crystals during the course 
of a run. 


Microscope 








aimN ¥ 
Coystal 17 Pole piece 


Solution 





To reservoir 
of solution 











Fig. 2. Side-view of the crystal and suspension. 


With substances the susceptibility of which is greater than that of 
water, the susceptibility of the solution is raised when necessary. by the 
addition of a solution concentrated with respect to MnCl: and saturated 
with respect to the substance to be measured. The susceptibility is 
lowered by adding a solution saturated with respect to the substance. 
With materials of lower susceptibilities than water the susceptibility is 
lowered by adding a concentrated potassium iodide solution (saturated 
as above described) and raised by the addition of saturated solution. 

The crystals were prepared from C.P. chemicals by the method 
described by Tutton.’ Only well formed crystals were used. The best 
size is about 3 to 4 mm thick and about the same in other dimensions. 


5 Tutton, Crystallography and Practical Crystal Measurement, p. 14. 
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A movement of the crystal along the Y-axis is observed by means of 
the microscope. Motion along the X-axis is also observed. By means 
of the graduated head the crystal is adjusted till there is no movement 
along the X-axis when the field is turned on. The concentration of the 
solution is then varied till the field causes no motion along the Y-axis. 
The angles are read and a sample of the solution is drawn out. The 
crystal is than rotated through 90° when another position of zero move- 
ment along the X-axis is found. The susceptibility of the solution is 
then adjusted till there is no movement along the Y-axis, and another 
sample is taken. The crystal is then rehung so as to rotate about another 
axis and the same process is repeated. 


& 
Seere Balance 














L) tee 


Fig. 3. 


The susceptibility of the solution is measured® by suspending a long 
glass tube (about 1 cm in diameter), filled with the solution, in the field 
of the magnet. Large pole pieces are used to secure a uniform field at 
the lower end of the tube. The tube is made long enough for the field 
at the upper end to be negligible. A lead weight is suspended from the 
lower end of the tube by means of silk thread. The weight is not 
necessary for weakly magnetic solutions. For strongly magnetic solutions 
the weight prevents the tube from going over to the pole piece. The 
glass for the tube is so chosen that the force of the field on the whole 
suspension without liquid is as small as possible. The force of the field 
is measured by means of a sensitive balance placed high enough to be 


° A. P. Wills, Phys. Rev. 6, 223 (1898). 
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away from the influence of the field. The net force on the liquid is 
compared to the net force on the same tube filled with pure water. 
Correcting for the susceptibility of the air, the two forces are to each 
other as the susceptibilities. The value of the susceptibility of water is 
taken as’? —0.720X10-*. The field strength of the magnet is maintained 
constant throughout this part of the determination butits value need 
not be known. 


THEORY OF THE METHOD 


In general, when a substance is introduced into a magnetic field it 
will be polarized magnetically. The effect of this polarization will be 
to modify the magnetic intensity, which had previously existed, both 
in magnitude and direction. However, if the induced magnetization 
is small compared with the magnetic intensity this effect, for the pur- 
pose of this investigation, can be considered as negligible.* The magnetic 
intensity will therefore be considered as unaltered by the introduction 
of the substance. 

From the above and from the well known theorems of magneto- 
statics it follows that the force per unit volume which will be exerted 
on a weakly magnetic substance suspended in a magnetic field and 
surrounded by a solution will be; 

F,=1,0H,/0x+1,0H./0y+10H,/dz 

—K,|H.OH,/dx+0H,/dy+0H,/02] 
F, = 1,0H,/0x+ 1,0H,/dy+10H,/dz 
—K, [H.0H,/dx+0H,/dy+90H,/d2] (1) 
F,=1,0H,/0«*+ 1,0H,/0y+ 1,0H,/dz 
—K,[H.0H,/d«+H,0H,/dy+H.0H./dz] 
where H is the magnetic intensity, J is the induced magnetic monent 
per unit volume or the intensity of magnetization, K, is the suscepti- 
bility of the solution. There will be, in addition, surface traction on 
the interface of solid and solution of (27J,,2—27J,,2)° per unit area. 
Since in these cases J, is very small compared to the gradient of H 
these tractions are unimportant. 

With respect to a system of axes X YZ fixed in the magnet, as shown 
in Figs. 1 and 2, it is evident from the symmetry of the field, and the 
vanishing of the curl and divergence of H, that when the substance is 
situated in the Y axis, 

H, =H, =0H,/02=0H,/dy =0H,/dx =0H,/02=0 


7A. P. Wills, Phys. Rev. 20, 188 (1905). 
® Maxwell, Electricity and Magnetism, 3rd Ed., pp. 69 and 73. 
* Larmor, Phil. Trans. R. S. A. 190, 248 (1897). 





MAGNETIC SUSCEPTIBILITIES OF CRYSTALS 


Eq. (1) can then be written, 
F,=1,0H,/0y, F,=10H,/dy—K,HOH,./dy, F,=0 (2) 
In general for crystalline media, when there is no ferromagnetism it 
has been found by experiment that J is a linear vector function of H. 
Referred to an arbitrary set of axes X’ Y’Z’ fixed in the crystal we have 
I,,=kyuHz, +key, +hisH,, 
I,y,=knHz,+-kely+t kos, (3) 
I,,= kas, +ksoly,+kssH:, 
The k’s are the constant coefficients of magnetization. In general J will 
not have the same direction as H. However, there are three mutually 
perpendicular directions in which J and H will havet he same direction. 
If we choose a set of axes X’’ Y’"Z” parallel to these directions, we have 
I,"=K,H.", I,” =K2H,”, I,"'=K3;H." 
These K’s are the principal susceptibilities and the corresponding 
system of axes are the principal magnetic axis. The principal axes and 
susceptibilities (K) can be found in terms of the “coefficients of magnet- 
ization” (k), from the theory of the linear vector function'’®. The 
problem now resolves itself into a determination of the six k's (Rim =m) 
Referred to X YZ fixed in the magnet let the direction cosines of 
X' be h, mi, m; of Y’, le, me, m2; and of Z’, ls, m3, m3. We then have 
I,=hI2,t+hly, +All, [y= mile,+mely,+ msl, (4) 
If the crystal is suspended with the Z’-axis parallel to the Z-axis and 
6 is the angle which the X’-axis makes with X it follows from Eqs. (3) 
and (4) 
I,/Hz=4(Rirt+Ree) +43 (Ri — kez) cos20 — Ri2sin20 (5) 
I,/H: = 4(Rku —_ kee) sin 20 + ki2cos20 (6) 
For F, to vanish it is evident from Eqs. (2), (5) and (6), that the right 
hand side of Eq. (6) must vanish yielding 
tan26 = — 2Rie/ kur — kee (7) 
For F, to vanish we must have by Eqs. (2) and (5) 
I./H, = K, (8) 
In order that both F, and F, vanish simultaneously the conditions 
given by Eqs. (7) and (8) must both be fulfilled. It is evident from 
Eq. (5) that the values of @ imposed by Eq. (7) makes J, either a maxi- 
mum or a minimum, since the derivative of J, with respect to @ is 
equal to —J,. These values of @ recur at intervals of 90° in 0. 
Let a; and az respectively be the susceptibilities of the solutions 
necessary to bring about a balance in the maximum and minimum 
positions, and let 9, be the angle which the X’ makes with the X-axis in 


1° Gibbs-Wilson, Vector Analysis. 
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the maximum position when the crystal is suspended with the Z’-axis 
parallel to Z. It then follows from Eggs. (5), (7) and (8), after some 
algebraic manipulation that; 
ku =4[a:+a2+ (ai —a2)cos20,] ; kee = 3 [a1+-a2— (ai —a2)cos24,] ; 
kis = 3(a1 —d2)sin26, (9) 

Similarly let a3, as,02 be the corresponding values when YF is parallel 
to the axis of suspension and likewise a; and as when X is parallel to Z 
the angle of suspension and @ is the angle between X and Y at a maxi- 
mum position. By a procedure similar to the obtaining of Eqs. (5), 
(6), (7), (8) and (9) we have; 

kss = 3 [a3+-a4— (a3 — a4) C0820] 
ko = — 4(a;—d¢)sin263, ki3 =} (ds —a4)sin20, (10) 
and also; 
ku = 3 [as-+ag+ (a3 —a,4)cos26.] 
Roe = 3 [as+acs+ (a5 —as)cos263} (1 1) 
kss = 3 [as+-a¢ — (as — as) c0S203] 
Eqs. (9) and (10) give the k's in terms of the a’s and O’s. There are six 
equations to determine the six k’s. We have in addition Eq. 11 which 
gives us three independent values of ki, kee, and k33. These can be 
averaged with the values obtained in Eqs. (9) and (10). 

If the directions of the three principal magnetic axes are known, 
then the susceptibility of the solutions obtained by setting the crystal 
parallel to each of these axes in turn are the principal susceptibilities. 
If the position of one principal axis is known, the method is considerably 
simplified, since the other two axes are in the plane perpendicular to 
this direction. 

We choose a set of co-ordinate axes in the crystal, with the Z-axis 
parallel to the known direction, suspending the crystal about this axis 
we determine a, a2 and 6; as before. Setting the Z-axis parallel to H 
we determine a3. It is also well, but not necessary to determine a, 
in the perpendicular direction. It can be shown that; 

K;=a, K2=42, K3=a3 (12) 
where the K’s are the principal susceptibilities. The angle which the 
principal axis of maximum susceptibility in the X Y plane makes with 
the X-axis in the crystal is —@;. As a check on these results we have; 

K,cos?6,+ K.sin?6, =a (13) 
The orientations and magnitudes of the magnetic axes are completely 
given by Eqs. (12). 

If the crystal be isotropic, it is evident from Eq. (2) that when the 
concentration of the solution is adjusted so that the force vanishes, the 
susceptibility of the solution is equal to that of the crystal. 
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- THE CRYSTALS 
The crystals used were; 
Cu(NH4)2(SOx)2 . 6H,O Co(NH,)2(SOx)2 . 6H,O 
CuK2(SO,)2 ° 6H,O CoK2(SO,)2 ° 6H:O 
CuRbe(SOx)2 . 6H,O CoRb2(SOx,)2 . 6H,O 


Ni(NH4)2(SOx4)2 - 6H2O Mn(NHg)2(SO,4)2 - 6H2O 
NiKe(SO,)2 - 6H2O FeK2(SOx,)2 - 6H,O 
NiRbe(SO,)2 ° 6H,O NaNO;, KNO,, Sr(NOs)2 


All except the last three are paramagnetic and belong to the well 
known isomorphous series. Tutton'! in a series of elaborate investi- 
gations has shown that members of this series differ from each other 
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Fig. 4. Plane of symmetry of the double sulphate crystals. 





only very slightly with regard to axial ratio, interfacial angles and 
refractive index. It is significant however that the above mentioned 
quantities show smaller changes when, for example, Co is substituted 
for Ni than when one alkali is substituted for another, or for an NH, 
group. 

Of the diamagnetic crystals NaNO;, KNOs, Sr(NOs)2 the first two 
are of interest since their structures are very similar to that of calcite 
and aragonite already investigated by Voigt and Kinoshita. 

With the monoclinic crystals the assumption was made that one of 
the principal magnetic axes lies in the axis of symmetry. Physically 
this means that in this direction the magnetization is parallel to the 
field, or in our notation J, must vanish in all cases when this axis is 
parallel to H. 


* 


" Tutton, Proc. R. S. London 88, 361 (1913); Trans. R. S. A. 216, 1 (1916). 
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The above assumption was found to hold true in every case within 
the limit of error. Eqs. (9) were then used rather than (8). After a 
balance between solution and crystal was obtained the field was varied 
within wide limits, to ascertain whether there existed a dependence on 
field strength. None was found. This shows that it is very unlikely 
that any ferromagnetism exists in these crystals. 


ACCURACY OF RESULTS 


Because of surface forces where the glass thread emerges into the 
air, the pendulum cannot show differences in susceptibility much less 
than 10-*. Very good checks have been obtained with that order of 
magnitude. Using the balance to measure the susceptibility of the 
liquid entails weighing to 0.5 mg, which is easily possible. However the 
percentage precision, as regards absolute values, is limited by our knowl- 
edge of the susceptibility of water. This is probably not known to 
better than 0.5 percent. 

The fact that the suspension of the crystal has a different suscepti- 
bility from that of the crystal leads to a systematic fractional error 
roughly equal to the ratio of the volume of the suspension in the strong 
part of the field to the volume of the crystal. By a proper choice of 
thickness of thread this can be reduced to less than 0.2 percent. 

The error due to the finite size of the crystal is unimportant. How- 
ever there is an accidental error which arises from the fact that the 
crystal may not have its center of mass in the YZ plane. This error 
is reduced by suspending the crystal in that part of the field in which 
the gradient is small. This error does not appreciably affect the values 
of the a’s (Eq. 11) but may affect the value of the angles to the extent 
of about 2°. Since the value of the angle is obtained from four readings, 
two maxima and two minima each 180° apart, this error is practically 
balanced out. 

In comparing these results for the double sulphates with those meas- 
ured by Finke? and Jackson’, we find a very considerable disagreement. 
However the average mean value of the three principal susceptibilities 
of these measurements on the Co and Ni double sulphates agrees very 
well with a measurement by Jackson on the same crystals powdered. 
Finke’s mean values do not so agree. Furthermore the consistency of 
these results as shown by Table I is a very good indication of their 
accuracy. 


The average diamagnetic results are slightly lower than the values 
found from measurements in solution. This is another illustration of 
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the general phenomenon observed by Oxley,'? a diminution of dia- 
magnetic susceptibility on crystallization. 


RESULTS AND DISCUSSION 


Table I gives the results of the measurements of the double sulphate 
series. It is significant that while the Ni, Co and Fe salts have large 
differences in their principal susceptibilities, the Ni and Mn salts, 
though of almost identical crystal structure have only small differences 
in their principal susceptibilities. This would perhaps be explicable on 
the theory suggested by Foex‘ that due to the forces of crystalline 
nature, there exists a potential energy which is a function of the di- 
rection. The direction of maximum susceptibility would then be the 
direction of minimum potential energy. 

In view of the aforementioned similarities in the crystal structure of 
this series and the fact that smallest differences in refractive index, 
interfacial angle, and axial ratio are produced by varying the para- 
magnetic ion, it is difficult to concede that forces of a crystalline nature 
are responsible for these differences. In this connection it is interesting 
to note that rhombic NiSQ, - 7H,0 has small differences in the principal 
susceptibilities, while in CoSO,-7H,O, which is also rhombic, the 
differences are large. By Werner’s coordination theory six molecules of 
water of crystallization are associated with the Co ion especially, and 
the seventh, with the SOQ, ion. The double sulphate is to be considered 
as a replacement of the water of crystallization by the alkali sulphate. 

It is somewhat plausible that an ion with a spherical symmetrical 
external field would be free to rotate within its shell of H,O molecules, 
whereas a departure from this symmetry would introduce forces oppos- 
ing this rotation. On these considerations the differences in suscepti- 
bility would be ascribed to the assymmetry of the external field of the 
paramagnetic ion. 

It would be interesting, in this connection, to examine crystals like 

[Co(NHs)6|Cle, [Ni(NHs)«]Cle 
which are cubic, and the lattice structure of which is known, for dif- 
ferences of susceptibility in different directions. According to these 
views we should get differences similar to those found in the double 
sulphates. 

The Weiss? magneton numbers show very considerable deviations 
from whole numbers. As for the Bohr magneton numbers, it is difficult 
to decide from these data which computation is preferable; that is 


2 Oxley, Phil. Tans. R. S. A. 214, 109 (1914). 
13 Weiss, Phys. Zeits. 12, 935 (1911). 
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TABLE I 


Results of the measurements on the double sulphate series. 


Axes 1 and 2 refer respectively to the maximum and minimum principal susceptibili- 
ties in the plane of symmetry of the crystal; axis 3 refers to the principal susceptibility 
perpendicular to the plane. The angle @ is the angle which the axis of maximum sus- 
ceptibility in the plane of symmetry, makes with the C crystallographic axis; ¢ is the 
angle which the maximum refractive index, in the same plane, makes with the same axis. 
K isthe volume susceptibility, x is the mass susceptibility, xm the molecular susceptibil- 
ity, xm’ the molecular susceptibility with correction for diamagnetism. The quantity n 
is the number of Weiss magnetons, n’ is the number of Bohr magnetons found by divid- 
ing n by 5, and n’’ is the number of Bohr magnetons calculated according to Pauli- 
Sommerfeld, taking into account space quantization. The temperature is 27°C. 





Compound Axis 6 o K X10® x X10® xmX108 xm’ X10 on n’ n” 


6.80 3. 1396 = 1550 
-—74° — 72° 5.40 2.80 1112 1260 
6.62 3.44 1364 1515 


7.52 3.37 1478 1625 
— 162° 5.62 2.52 1104 1250 
6.83 3.12 1342 1490 


6.97 2.72 1437 1590 
64° 5.44 2.11 1122 1270 
6.78 2.63 1400 1550 


° 5 4120 4270 
- 7 81° . 35 4060 4210 
4 4080 4230 


-16 3980 4130 
.80 3820 3970 
.76 3800 3950 


81 4110 4260 
54 3970 4120 
58 3990 4140 


11610 11760 
8410 8560 
10120 10270 


11270 11420 
8720 8870 
9510 9660 


11540 11690 
8790 8940 
10040 10190 


. 11840 11990 . 
23.9 10320 10470 24. 
28.4 12160 12310 26. 


34.3 13320 13470 28. 
34.2 13280 13430 28.1 6 5 
34.5 13380 13530 28.1 


the assignment of one Bohr magneton for each five Weiss magnetons, 
or the Sommerfeld-Pauli!* method based on space quantization, which 
would give,'® 





Cu(NHg)s 
(SO,)2 - 6H,O 


CuK2(SO,)s 

- 6H:0 
CuRb3(SOx)s 

- 6H,0 
Ni(NH¢)2 (SOx) 
6H,0 


NiK;(SO,) —17° 
- 6H:0 


NiRb2(SO,)s —19° 
-6H,0 


Co(NH4)s 
(SO,)2 -6H:0 


— 13° 
CoK:(SO,)s —44° 
- 6H,0 


CoRb2(SO,)2 
- 6H,0 


—25° 
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FeK;(SO,): 55° 
- 6H;0 


Mn(NHy4): 
(SO,)s -6H;O0 


14° 83° 


1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 

2 
3 
1 
2 
3 
1 
2 

3 
1 

2 
3 
1 

2 
3 
1 

2 
3 
1 

2 
3 
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“ Pauli, Phys. Zeits. 21, 615 (1920); Epstein, Science 57, 532 (1923); Gerlach, Phys. 
Zeits. 24, 275 (1923); Sommerfeld, Phys. Zeits. 24, 360 (1923). 
% Sommerfeld, Atombau and Spektrallinien, 4th Ed., p. 631. 
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Bohr magnetons: 1 2 3 4 5 
Weiss magnetons:"* 8.6 14.1 19.2 24.4 29.4 


TABLE II 





Average 
Compound’ Crystal pws Volume Masssus- Molecular molecular 
system susceptibility ceptibility S4SSSP"" suscepti- 
bility 
KX10° xX10® xmX10® x’X10° 


NaNO; trigonal || trig axis 788 —0.347 —29.5 





‘ —25.9 
1 trig axis 644 -0.284 —24.1 


CaCO; 
(calcite)* trigonal | trig axis .10 —0.406  —40.7 


1 trig axis .98 —0.364 —36.4 

c axis ‘ —0.353 —35.6 

rhombic b axis : —0.294 —29.7 
a axis ‘ —0.296  -—29.9 


c axis : —0.444 —44.4 
CaCO; 
(aragonite)* rhombic b axis . —0.387 —38.7 


a axis : —0.392 —39.2 


Sr(NO3): = cubic : —0.271 —57.2 —57.2 





*Voigt and Kinoshita loc. cit. 
DIAMAGNETIC CRYSTALS 


W. L. Bragg?’ has recently published a theory accounting for the 
double refraction of calcite and aragonite on the basis of the mutual 
influence of the induced electric moments. This effect is specially great 
for the oxygen ions which lie close together, as shown by x-ray analysis. 
An attempt to explain the differences in diamagnetic susceptibility 
along the same lines shows that the internal field due to diamagnetic 
polarization is too small to account for the facts. 

The writer wishes to express his thanks and appreciation to Professor 
A. P. Wills, under whose supervision this research was done, for his 
kind interest, suggestions and advice. 

DEPARTMENT OF PuysIcs, 


CoLuMBIA UNIVERSITY, 
August 16, 1926. 


46 In Table I, the Bohr magneton numbers are given to the nearest integer since it 
is not to be expected that they will fit any one of three principal susceptibilities, or 
their average. 

17 Bragg, Proc. R. S. London 105, 370 (1924). 
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SCATTERING OF PARTICLES BY AN EINSTEIN CENTER 
By T. Taxkgucui 


ABSTRACT 


The scattering of a-rays is considered by making use of the Jeffery-Nord- 
strom form of space time. The results obtained are similar to those of W. S. 
Kimball in that the relativity effect is found to be too small to be detected ex- 
perimentally. 


S. KIMBALL!’ has considered the scattering of alpha particles by 
* a nucleus when Coulomb’s inverse square law of force is replaced 
by a relativistic law corresponding to a fixed point center. But his sub- 
stitution of the constant of integration ym/c* which measures the strength 
of the center by ENe/c?M (y, Newton’s gravitation constant; m, mass of 
the center; c, velocity of light in vacuo; Ne, nuclear charge; EZ, charge of 
the particle; M, its mass) upon which his results rest is not thought to be 
appropriate.- The present author has attacked this problem using the 
Jeffrey-Nordstrom form of space time, which admits of a correct compari- 
son of the scattering of atomic rays as required by the classical law? with 
the scattering when this law is replaced by a relativity law. However, the 
result shows that the amount of this relativity departure is too minute to 
be detected by experiments. 
The field of the nucleus is defined by 


ds? = —y~'dr?— r2d6?— r*sin*9d¢*?+ yc7dt?, 
where 
1 =1—2xm/c*r+xe®/ctr? (e, charge in e.s.u.). 


The equations of motion of a particle in this field are given in the fol- 

lowing, simplified for orbits in the equatorial plane @=47: ~ 
y71(dr/ds)*+-12(do/ds)?—c*y(dt/ds)?+1=0, 
rdo/ds=h, ydt/ds=n—ee'/c*m'r 

e’ and m’ denoting the charge and mass of the particle, 4 and m the con- 
stants of integration which have the following meanings 
h(c?—v*)!=hc=constant of areas; (c¢n*—1)/n?=v?, c~1/n; 
where » denotes the initial velocity, at infinity. 


1W. S. Kimball, Phys. Rev. 23, 75 (1924). 
*C. G. Darwin, Phil. Mag. 27, 499 (1914). 
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The equations of motion give, neglecting higher orders of small quan- 
tities, 


(du/ dp)? = (c*/ h®)(n—ee'u/c*m’)?— (1/h?-+-u*) (1 — 2xmu/c?+-Keu®/ct) 
= (c*/h*)(m?—2ee'nu/c*m’) —(1/h? +12) 
= (c*n®—1)/h*?—n*—2ee'nu/h*m'c, 


where u stands for 1/r. Accordingly 

(du/ dq)? = v?/c?h®? — 4?— 2ee'u/c2h*m' 
which agrees with the classical formula. No relativity correction term is 
obtained to this order of approximation. 


Toxyo HIGHER TECHNICAL SCHOOL, JAPAN, 
DEPARTMENT OF PHYSICS, 
August 5, 1926. 
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THE BREAKDOWN OF ATOMS AT HIGH PRESSURES 


By P. W. BRIDGMAN 


ABSTRACT 


Thermodynamic evidence supports the experimental suggestion of a 
previous paper that at ordinary temperatures sufficiently high pressures are 
capable of breaking down the quantum structure of atoms, reducing matter 
to an electrical gas of electrons and protons. We may, therefore look for 
atomic dissociation under two sorts of conditions: high temperatures and 
comparatively low pressures, such as we have in the stellar atmospheres, and 
high pressures and comparatively low temperatures, which we may surmize 
we have in the interiors of stars, possibly in stars like the sun, and almost cer- 
tainly in stars of the enormous density of the dark Sirius type. The possibility 
of two sorts of dissociation, together with the more rapid increase of pressure 
than density when the diameter of a star is reduced, offers the possibility of a 
critical condition determining whether a star is of the dark Sirius type or not: 


N THE PuysicaL REviEw for January 1926 I called attention to a 

reversal in the behavior of certain properties of potassium (the atom 
of which has an abnormally loose structure) at high pressures and room 
temperature, which I suggested might indicate the initiation of an ulti- 
mate breakdown of the atom at much higher pressures and an approach 
to a gas of electrons and protons. Supporting this idea that a breakdown 
of the atoms is possible at high pressures, there is an argument from a 
theorem of Schottky’s which I presented in the previous paper; further- 
more we have the physical feeling that the quantum orbits to which the 
atom owes its structure ought not to be able to resist an indefinitely great 
force, and also the fact that there are stars of enormous densities. Never- 
theless, the assumption of this sort of atomic disintegration involves cer- 
tain apparent inconsistencies, for in the atmospheres of the stars we have 
direct spectroscopic evidence of atomic disintegration, as was first exten- 
sively shown by Saha, and simple thermodynamics shows that this decom- 
position increases with rising temperature and decreases with rising pres- 
sure. Since such decomposition at the high temperatures and greatly 
reduced pressures of the stellar atmospheres is only partial, it would 
appear at a first glance that there is no reason to expect any decomposition 
at all at ordinary temperatures and pressures of tens of thousands of 
atmospheres. It is the purpose of this note to present additional thermo- 
dynamic evidence suggesting that decomposition may nevertheless occur 
at high pressures and low temperatures, and to resolve the apparent 
inconsistency. 

Let us examine the consequences of assuming that it is possible to 
apply sufficient pressure to a substance at room temperature to break the 
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atoms down into a perfect gas of electrons and protons. Under such a 
pressure the thermal expansion must assume the value appropriate to a 
perfect gas, and the specific heat must also become very much larger than 
that of a normal solid, because each electron makes its full individual 
contribution to specific heat. Now thermal expansion and specific heat 
cannot vary independently, but there is a thermodynamic connection, 
namely: 
(0C,/0p),= —1(8*0/dr*), 

Hence if C, is to increase with pressure, (0°v/0r?), must be negative, which 
is the reverse of its usual behavior, because the thermal expansion at 
constant pressure of normal substances increases with rising temperature 
instead of decreasing. Now since the thermal expansion of a gas is much 
higher than that of a normal solid, a higher thermal expansion at low 
temperatures means a closer approach to the perfect gas condition at 
low temperatures. This indicates therefore that if a solid is decomposed 
by high pressure and made to approach the behavior of a gas, the approach 
to this condition will be most rapid at low temperatures. My experiments 
on potassium were made at low temperature. 

This state of affairs is also consistent with other thermodynamic evi- 
dence. In the atmospheres of the stars atomic decomposition decreases 
with rising pressure; here it increases. Now a homogeneous reaction is 
driven by pressure in such a direction as to decrease the volume. In’the 
stellar atmospheres, therefore, the volume of the neutral atoms is less 
that that of the ionized atoms and the detached electrons; this is a conse- 
quence of the comparatively low pressures. At high pressures, on the other 
hand, simple calculation shows that the electrical gas has a smaller volume 
than that of the undissociated atoms from which it comes. In normal 
substances under high pressures it appears therefore that the quantum 
orbits act like skeleton frameworks distending the structure; if these 
frameworks are destroyed, the substance collapses. It was shown in the 
previous paper that at 300°K the pressure at which the volume of the 
electrical gas is equal to that of the neutral atoms is of the order of a few 
10,000 atmospheres, which is certainly a negligible pressure compared 
with cosmic possibilities. As temperature increases, the dissociated vol- 
ume gains relatively to the undissociated volume in consequence of the 
high thermal expansion of the gas, thus bearing out the evidence above . 
that the approach to gaseous decomposition is closest at low temperature. 

In the stellar atmospheres decomposition increases with rising tempera- 
ture at constant pressure; under our conditions it decreases. This means 
that in the stellar atmospheres heat must be absorbed by the dissociation, 
whereas under our conditions heat is given out. The reason for this dif- 
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ference is evident. Under atmospheric conditions the volumes are so 
large that the electron must be removed to a great distance against the 
electrostatic forces of the core during decomposition. There is a compen- 
sating effect arising from setting free the kinetic energy of the electrons 
in the quantum orbits, but this is only half the electrostatic effect. Under 
our conditions however the volume is small, and the electrons on the 
average are no further away from the core after decomposition than before. 
The electrical effect vanishes, therefore, leaving the kinetic effect out- 
standing. Now the kinetic energy of the electrons in the quantum orbits 
is much higher than the equipartition temperature energy at ordinary 
temperatures, so that heat must be given out rather than absorbed when 
an atom decomposes at high pressures. (Has this been considered as a 
source of stellar energy?) It is also evident, since the kinetic energy of the 
electrical gas is higher at the higher temperature, that this heat of disso- 
ciation decreases with rising temperature, again demanding that decom- 
position be greater at lower temperatures than high. Further, there is an- 
other effect tending to accentuate the reversal of sign of the heat of disso- 
ciation at high pressures. After the first few 10,000 atmospheres the inter- 
nal energy of a solid increases when pressure increases at constant tem- 
perature. This increase of internal energy is divided in the ratio of two to 
one between energy of position and increased kinetic energy of the elec- 
trons in their orbits. This latter part is set free during dissociation, so 
that the heat of dissociation under high pressures is greater by this amount 
than would be indicated by our argument above applied to normal atoms 
at atmospheric pressure. 

All the lines of evidence converge, therefore, to indicate a pure pressure 
decomposition of atoms at high pressures, and this decomposition is 
favored by low temperature. We must then visualize the condition of 
matter over extreme ranges of pressure and temperature somewhat as 
follows. The pressure- temperature plane is crossed by a diagonal band 
rising from low pressures and temperatures to high pressures and tem- 
peratures, within which matter exists in the normal form of neutral un- 
dissociated atoms as we know them. To one side of this band is the region 
of high temperature and low pressure in which the atoms are dissociated 
into a gas of electrons and protons, and it is in this region that we find 
matter in the stellar atmospheres. On the other side of the band, at high 
pressures and low temperatures, we also have matter dissociated into an 
electrical gas. We now have to ask to which of these two regions the 
apparently perfectly gaseous interiors of the stars belong. If to the first, 
we have decomposition in spite of high pressure, if to the second, in spite 
of high temperature. It seems almost certain that stars of densities of 
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50,000, like the dark companion of Sirius, indicate the second region. If 
the density is of the order of magnitude of unity, and nevertheless the 
star acts like a perfect gas (as does our sun, according to Eddington), we 
may suspect the first region, but perhaps even under these conditions the 
second region is not impossible. 

Perhaps the following calculation is worth recording as suggesting 
possible orders of magnitude. Imagine an atom of atomic number 40, 
with the negative electricity all concentrated in a uniform spherical shell 
of radius 1.5X10-*cm. Due to the mutual repulsion of its parts this shell 
is exposed to a distending pressure of approximately 3 x 10" dynes/cm?. 
The positive nucleus exerts an inward pressure of twice this; the differ- 
ence, or 3X10"* dynes/cm?, is the effective distending pressure of the 
quantum structure of the atom preventing collapse. The pressure in the 
interior of the sun is of the order of ten times higher, so that possibly we 
may expect pressure dissociation in the sun, although it seems more likely 
that we have the first sort of dissociation. 

As far as I know, no adequate physical difference has been suggested 
to account for some stars with densities of 1.5 and others with 50,000. In 
view of the comparatively small range of mass of the stars this seems to 
demand some explanation. The possibility of two regions of dissociation 
seems to offer a clue. If the mass of a star is concentrated in spheres of 
decreasing radius, the pressure rises faster than the density. Thus if the 
sun were concentrated in a small sphere of density 50,000 times the present 
density, the pressure would be nearly 2,000,000 times greater (in general 
pressure varies as (density)**). This sort of thing suggests instability and 
critical conditions, with the possibility of some stars in the second state 
of dissociation. If, however, the sun should turn out to be in the second 
condition, then we may perhaps recognize the possibility of two different 
stable states in the second condition, not unlike the two amorphous phases 
of ordinary matter of van der Waals. 

A complete description of the state of affairs involves many complicated 
considerations. It is evident that the atoms in a star are in varying degrees 
of dissociation ; according to the nature of the atom perhaps some of these 
are in the first condition, while others may be in the second. We need a 
detailed mathematical treatment of the comparatively simple problem of 
the equation of state of matter dissociated into electrons and protons 
under very high pressures without quantum conditions; this would show 
how nearly our assumption is realized of perfect gas behavior. 

THE JEFFERSON PuHysICAL LABORATORY, 


HARVARD UNIVERSITY, CAMBRIDGE, Mass. 
October 4, 1926. 
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CONTINUOUS MOTION PRODUCED BY VIBRATION 
By W. B. Morton anp A. McKinstry 


ABSTRACT 


A special case of motion of this kind was discussed recently by A. T. Jones. 
In the present note attention is called to a number of other cases in which the 
precise mechanism is obscure. A simple form of the phenomenon occurs when 
a mass is made to slip along a rough inclined plane, without loss of contact, by 
making the plane oscillate. This is examined mathematically. It is found 
that the motion may be either upwards or downwards, according to the relation 
between the direction of oscillation and the inclination of the plane. The results 
have been roughly verified by experiment. 


PAPER with the above title was communicated to the British 

Association at the Belfast meeting in 1902. It appears in the Report 
for that year merely by its title'; we deferred publication in the hope of 
doing further work on the subject, a hope which, for various reasons, was 
never realized. In a recent number of the PHysicAL REVIEW Professor 
A. T. Jones* has discussed a very interesting case of the kind of motion 
referred to, viz., the rotation of the pulley in Melde’s experiment. The 
present note is prompted by the appearance of his paper and may be of 
some interest as a sequel to it. 

To begin with it may be worth while to draw up a list of cases of the 
_ transformation of oscillatory into continuous movement. The mode of 
action is perhaps not so difficult to understand, in general outline, as the 
complementary phenomenon, when oscillations are initiated and main- 
tained by continuous motion, as in the sounding of an organ-pipe by a 
current of wind; but when we come down to detail a good deal still 
remains to be explained. 

1. The Chladni plate. The motion of the sand to the nodal lines is one 
of the most familiar phenomena in physics but there appears to be a 
difference of opinion about the exact way in which this comes about. 
Lord Rayleigh*® regarded it as the result of haphazard hopping of the 
particles; when a grain by chance reaches a nodal line it remains there, 
and in time this happens to all the grains. Auerbach,‘ on the other hand, 
proposed a theory by which the curvature of the plate in the moving 
parts caused the particles to be projected in a direction inclined to the 
vertical on the side towards the nodal line. On similar lines was the 

1 Report of B. A., p. 511 (1902). 

2 Jones, Phys. Rev. 27, 622 (1926). 


’ Rayleigh, “Sound,” Vol. I, p. 368. 
* Auerbach, in Winkelmann’s “Handbuch,” 2, “‘Akustik,” p. 385. 
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explanation given by Zenneck’ of an effect which he observed, the rota- 
tion of a vibrating circular plate, free to move in its own plane, round 
its center. The motion was ascribed to a horizontal component in the 
reaction exerted on the plate by the support. 

If a small particle of lead shot is flattened and laid on a Chladni plate, 
it will be found to make its way by a continuous movement to a nodal 
line. It would be interesting to examine what relation the paths so traced 
bear to the curved form of the plate. 

Some anomalous effects observed by Savart® are referred to in this 
connection by Lord Rayleigh.* Here the nodal lines on opposite sides of 
a plate had different positions and the motion of the particles was con- 
tinuous towards these positions. The explanation is found in a com- 
bination of transverse vibration with vibrations of the same period in 
the plane of the plate. In such cases “the movement of sand to the nodes, 
or to some of them, takes place in a more direct manner as the result of 
friction.” 

2. Goold’s ‘‘vortex-plate.’”’ Very curious motions of sand-particles were 
discovered by Mr. Joseph Goold on steel plates of a long rectangular 
form when supported at proper points and rubbed along the edge of the 
long side. These plates were shown in London in 1906 at the Royal 
Society and the Physical Society, by Messrs. Newton and Co.’, and 
some specimens were then procurable from that firm. The dimensions 
of one which came to Belfast are 86.6 10.00.91 cms. When the plate 
is properly excited two regions appear near the ends where the sand 
moves round and round in circles. A chain laid on the plate is gradually 
drawn into one of the vortices and coiled up there. We have probably 
here another case of coexistent vibrations of different modes, but no 
explanation of the very remarkable effects appears to have been pub- 
lished. ‘ 

3. Melde rotations. An effect which we observed may be added‘ to 
those described in Professor Jones’ paper. If the axis of a pulley be made 
to vibrate, with no cord passing over the rim, the wheel will rotate when 
the point of a pencil is pressed against the rim. There are four points at 
which the direction of rotation reverses. 

Another isolated phenomenon of this class was observed by Kundt.* 

5 Zenneck, Ann. d. Physik 66, 170 (1898). 

® Savart, a reference is given to ‘Ann. d. chim. 14, 113 (1820). 

7 In Nature 74, 59 and 215 (1906) will be found merely a mention of the exhibition 
of the plate. The only description published, so far as we know, was in a book on 
“Harmonic Vibrations” published by Messrs. Newton and written jointly by Jos. Goold, 


Chas. E. Benham, Richard Kerr and L. R. Wilberforce. 
® Kundt, Poggen. Ann. 126 (1852). 
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A cork of slightly conical form fitting loosely inside a glass tube moved 
in the direction of its smaller cross-section when the tube was set in 
longitudinal oscillation. 

The following trifling effect is perhaps new. It is usual, in showing 
lecture-experiments on the vibrations of strings, to use small paper riders 
cut in the form of an inverted V. These are thrown off the sonometer 
string at loops and remain in position at nodes. Let one of these be bent 
so that its side elevation is an arc of a circle. If the wire is gently twanged 
the bent rider will move along it in the direction towards which the paper 
is concave. If the two legs of the V are bent in opposite directions the 
rider remains at the same point of the wire and rotates. It would seem 
that the lamina, thrown upward from the wire, in its fall has time to 
rotate slightly so as to bring its concave side downward, possibly through 
the effect of air-resistance. In this way the notch of the rider comes back 
to the wire in a slightly displaced position. 

Screwed-on nuts, etc., in machinery often “work loose” as a result of 
vibration; this so far as it goes, is a continuous movement and may, 
therefore, be included in the list. 

In most of the instances which have been enumerated it is clear that 
an important part is played by the friction between the surfaces in 
contact. This suggests an examination of the simplest possible case. 
Let a block lie on a supporting plane to which is given a rectilinear 
oscillatory motion. If the block is to move in one piece with the plane 
it is necessary that the ratio of the tangential to the normal component 
of the reaction shall be less than the coefficient of friction. This implies 
that the acceleration of the plane shall not exceed a definite limiting 
value: when this is passed slip occurs in the direction opposite to the 
force of friction. We may suppose the limit reached by a gradual increase 
either of the frequency or the amplitude of the oscillations. The limiting 
values of the acceleration will, in general, be different for the two direc- 
tions of slip. The motion which first occurs is that corresponding to the 
smaller value. If, by further increase of amplitude or frequency, the 
higher limit is also exceeded the net slip will still be in the former direc- 
tion. It is unnecessary for our purpose to go into a detailed discussion 
of the course of the motion, which is a matter of some complexity. 

Let us take first the case of a horizontal plane and suppose the line of 
oscillation to make angle a with the horizontal, sloping upwards to the 
right. Then the slip will occur to the right, i.e., in the direction of the 
horizontal component of the upward motion; for the limiting values of 
the acceleration are 
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g sin €/cos(a—e), for slip to the right 
g sin €/cos(a+e) for slip to the left 
where ¢ is the angle of friction. 

Let now the plane have inclination 8, where 8<e, sloping upward to 
the right; so that the upward direction of vibration lies on the same side 
of the vertical as the surface of the plane. At first sight one might think 
that, when a block is kept up by friction on an incline, any kind of 
vibration would tend to bring it down. This is not so. It may easily be 
verified that the limiting values of the acceleration are now 

g sin(e+)/cos(e—a+ 8) for upward slip 
g sin(e—6)/cos(e+a—) for downward slip. 
Putting these equal to each other we find the relation 
sin(a— 28) =cos2e sina, 
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Fig. 1. Relation between pairs of critical values of a and 8. 








which gives a critical value of a for each 8 or of 8 for each a. With such 
a pair of values there will be no transport of the block. Increase of a 
or decrease of 8 gives upward motion, decrease of a or increase of B 
downward motion. If @ is negative, i.e., if the direction of upward 
vibration and the plane are on opposite sides of the vertical, the slip is 
always downwards. In all this we are assuming that the acceleration is 
not great enough to make the block lose contact with the plane. The 
necessary acceleration for this to occur is g cos 8/sin(a—8). Comparison 
with the slip-values shows that this is always greater than the upward 
slip-limit, and is greater than the downward one provided the coefficient 
of friction is less than 
cos(a— 28)/2 cos B sin(a— 8). 
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The hopping motion is not further considered. 

The relation between pairs of critical values of a,8 is shown graphically 
on Fig. 1, each curve being drawn for a definite angle of friction which 
is marked at its right-hand end and which is also the ordinate at this 
end, where a=90°. This implies that vertical oscillations will always 
jolt upwards a mass which can lie at rest on a rough plane. For the 
special value e=45°, i.e., coefficient of friction =1, the graph is straight 
and B=3a. The slope, d8/da, at the origin is sin’e and at the upper ends 
all the curves have the slope 3. 

A few rough experiments were made to test this theory. A glass plate 
was mounted on a partly dismantled “Donkin’s Harmonograph,”’ and 
was made to oscillate by an electric motor at a rate which was varied 
by a regulating resistance. A definite direction of vibration having been 
set, the inclination of the plate to the horizontal was given a succession 
of small values. The speed was increased until a glass block placed on 
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60 
Fig. 2. Critical values of 8 for various values of a. 


the plate moved in one direction or the other. In this way an estimate 
was made of the critical 8 for each a. It was found necessary to keep the 
surface of the glass warm by a heating coil to prevent the formation 
of a film of moisture which made the surfaces stick. The angles were 
read by a rather primitive clinometer. The result of a series of observa- 
tions is shown on Fig. 2. The average value of sin(a—28)/sin a; which 
should have the constant value cos 2e, was found to be .914, correspond- 
ing to €=12° approximately. The curve on Fig. 2 is the theoretical one 
corresponding to this value of €, on a vertical scale for 8 which is five 
times that of Fig. 1. The agreement is perhaps as good as can be expected 
under the conditions of experiment. — 
QUEEN’s UNIVERsITY, 


BELFAST. 
July 28, 1926. 
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BOOK REVIEWS 


Les Physiciens Hollandais et la Méthode Expérimentale en France au XVIII* 
Siécle. PrleERRE BruNET.—This booklet is a careful and interesting study of the influence 
of British experimental physics of the seventeenth century upon eighteenth century 
scientific research and teaching in Holland, and the influence, in turn, of the three 
leading Dutch experimenters and writers, '’sGravesande, Desaguliers and Musschen- 
broek, upon experimental research in France. The Frenchmen, Du Fay, L’abbé Nollet, 
Voltaire, La Mettrie, all visited Holland and drew inspiration from the schools at 
Leyden and Utrecht. The invention of the Leyden jar was the outstanding achievement. 
Brunet gives considerable attention to the discussions, carried on in Holland and later 
in France, of methods of scientific research and of the use of hypotheses. The book has 
no alphabetical index. Pp. 153 Libraire Scientifique, Albert Blanchard, Paris, 1926. 
Price 14 Fr. 

FLORIAN Cajori 


Méchanique Analytique et Théorie des Quanta. G. Juvet.—As the title indicates the 
author presents the principles and methods of analytical dynamics and celestial me- 
chanics in a form suitable for their application to atomic problems. This occupies about 
two thirds of the text, which is divided into two parts, the remainder being devoted to 
methods for the quantization of multiply periodic systems. Although not a book for the 
beginner it should appeal strongly to the theoretical physicist, already familiar with the 
results of quantum theory, who wishes to broaden and complete his knowledge of 
advanced methods in dynamics. To the mathematician it should prove an attractive 
introduction to atomic dynamics. 

In the treatment of dynamics the Hamiltonian action function is made to play a 
leading part, and the Hamilton-Jacobi equation is first introduced as a property of this 
integral. In the two chapters on perturbation theory there is a detailed account of the 
method of Delaunay and the methods of Bohlin and Lindstedt. In the treatment of the 
latter, which are the methods most extensively used in the quantum theory, the author 
has followed the presentation of Poincaré in his ‘‘Méthodes Nouvelles,” but without 
discussion of the convergence of the series. This chapter should prove particularly 
useful, as the results are somewhat scattered and condensed in the original. - 

The section on the applications is devoted almost exclusively to the quantization of 
separable multiply periodic systems, and the reader may be somewhat disappointed at 
the lack of illustrative material. Only the relativity hydrogen atom and the Stark 
effect are discussed, and there are no examples of the perturbation methods, although a 
final chapter is given to a brief discussion of the work of Born and others on the use of 
the methods of Bohlin and Lindstedt. 

The author’s prediction that the quantum theory has not as yet attained a final 
form has been amply confirmed in the interim since publication. Nevertheless the 
methods of classical mechanics, so beautifully expounded in this little book will prob- 
ably long continue to be of fundamental importance in atomic physics.—VI+151 pp., 
2 figs. Librairie Scientifique Albert Blanchard, Paris, 1926. Price 20 francs, unbd. 

F. C. Hoyt 


The Mystery of Mind. Leonarp T. TRoLAND.—This elementary treatise on psy- 
chology has an interest for physicists, in view of the manner in which the author poses 
his problem. He is a Fellow of the American Physical Society as well as a teacher of 
psychology at Harvard, and it is therefore quite natural that he should seek his orienta- 
tion in connection with the problem of the relation between the world of physical 
objects conceived in terms of the newest science, and the world of consciousness, which 


197 





198 BOOK REVIEWS 


latter he identifies with the world as it presents itself in the immediate experiences of 
our every-day lives. The difference between these two worlds is stressed to the utmost, 
so that not a single relation of resemblance between them remains; not even the space- 
time systems being identical, on account of the view of physical space and time neces- 
sitated by the theory of relativity. This difference, not to say divorce, between the two 
worlds, constitutes the ‘‘mystery of mind”; the problem of the author is to construct 
a bridge over this apparently impassable chasm. The exposition is couched in clear 
and simple language, and though elementary on both the physical and the psychological 
side, is thoroughly competent. 

Does the author succeed in bridging his chasm? I will not attempt to spoil the 
reader’s sense of mystery by outlining the proffered solution, but only offer a word or 
two in comment. Professor Troland sees more or less clearly that the nature of perception 
(as distinct from sensation) is the crux of the problem, and presents (pp. 90-94) a very 
ingenious theory of this concrete mental function. But he willfully rejects the hint given 
of the nature of thought and perception by the language, which always attaches an 
‘of’ or an ‘about’ to the naming of the concrete mental functions; as consciousness of, 
thought about, memory of, perception of, etc. It thus suggests that perceiving as well as 
thinking is always an intentional act directed upon an object not itself. If this object 
is utterly unknown to the experience of daily life, then it must surely also remain 
unknown to the experience and reflection of the physicist, who naturally has no other 
foot-hold in experience than that which he shares with all human beings. Nevertheless, 
much can be learned from the author’s formulation of the problem, the most pressing 
logical problem, perhaps, of the present day. Pp. 253, D. Van Nostrand Company, 
New York, 1926. Price $3.00. 

Davip F. SWENSON 


Colloid Chemistry—Theoretical and Applied. CoLLECTED AND EDITED BY JEROME 
ALEXANDER. (VoL. I. THEORY AND MEtTHODs.)—This is the first of a series of three 
volumes and is largely devoted to a consideration of the theoretical principles which 
underlie the study of colloids. The volumes which will follow will take up the applied 
aspects of Biology and Medicine and Technology. The book is a striking example of the 
degree of specialization which characterizes modern science. Only a few decades ago a 
“scientist” was supposed to be able to write authoritatively in all fields of natural science. 
Today in a single subject within a small field we have a further intense specialization. 
The volume contains 60 chapters, each written by a specialist in the particular subject 
under discussion. It is a truly international compilation, including authors from the 
United States, Canada, England, France, Germany, Sweden, China, Japan, Spain, and 
Holland. As one might expect, the chapters are almost wholly disconnected and there 
is a certain amount of duplication. However, the duplication is not a serious fault, for 
it sometimes affords the reader an opportunity to view the same problem through the 
eyes of two or more specialists. About three-fourths of the chapters are excellent and 
present a fairly exhaustive epitome of the subject under discussion. Part of the re- 
maining chapters are either decidedly inferior in quality or deal in such vague generalities 
that it is difficult to see why they were included in a volume on ‘Theory and Methods.” 
The remaining chapters deal almost wholly with industrial processes or applications and 
do not contribute either to theory or methodology. 

The physicist and physical chemist should be especially interested in the chapters 
by von Weimarn, ‘Theory of the Colloid State of Matter” (p. 27-101); E. F. Burton, 
“Determination of Size and Mass of Colloidal Particles” (p. 165-173); W. D. Harkins, 
“Surface Energy and Surface Tension” (p. 192-264); H. R. Kruyt, “The Mechanism 
of Coagulation” (p. 306-322); A. Einstein, ‘Theory of the Opalescence of Homogeneous 
Liquids and Mixtures of Liquids in the Vicinity of the Critical State” (p. 323-339); 
L. Michaelis, “Electric Phenomena in Colloid Chemistry” (p. 471-506); Irving Lang- 
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muir, “The Effects of Molecular Dissymmetry on Some Properties of Matter” (p. 525- 
546); H. Freundlich, ‘Adsorption and Its Significance” (p. 575-599); E. C. Bingham, 
“Fluidity and Plasticity” (p. 720-726); E. Hatschek, “The Viscosity of Colloidal 
Solutions” (p. 738-750); and Sven Odén, ‘‘Sedimentation-Analysis” (p. 861-909). 

The “editing” is apparently confined to the addition of occasional footnotes. In 
general, the printing, proof reading, and binding are well done. The volume should be of 
great assistance to those who are interested in the study of colloids either from the 
standpoint of the teacher or the research worker, for it brings together for the first 
time many isolated observations and divergent views, and to find all of this material 
in one volume will save many hours of library work. Pp. 974, 59 figs., The Chemical 
Catalog Company, N. Y., 1926. Price $14.50. 

Ross AIKEN GORTNER 


General Physics for Colleges. D. L. Wesster, H. W. FARWELL, AND E. R. Drew. 
RevisED Epition.—While preserving the character and aims of the first edition,* 
the second edition is in many respects greatly improved. To quote from the preface, 
“The changes in the text are of all sorts, some in the addition of topics clearly called 
for, some in proofs or descriptions, and others such simple, but none the less important, 
changes as an improvement in typographical arrangement, enabling the student to 
locate more readily the definitions of technical terms. Likewise in the problems there are 
changes of many kinds, including additions of the easier types, a marked improvement 
in arrangement, and a simplification of the method of handling problems calling for 
original work in the collection of data.” Almost every page has been to some extent 
revised, and considerable improvements have been made in the order of topics. The 
book has been increased in length by 150 pages, 22 of which are in the excellent chapter 
on statics. Among the new features may be mentioned frequent historical notes; refer- 
ences for supplementary reading; paragraphs on various subjects omitted in the first 
edition, for example musical intervals, and the equation of Van der Waals; explanatory 
captions printed under most of the figures; and the grouping of tables of constants at 
the end of the book. The sections on electricity and magnetism have been greatly 
improved. Many new problems have been included; in fact, the reviewer has found no 
other text in which the problems are as varied and as stimulating as these. The chapters 
on modern physics now occupy 174 pages. They have been very materially revised, 
brought down to date, and enlarged, and remain, as before, an admirable and notable 
feature of the book.—Pp. 707+-xiii, 480 figs., Century Co., 1926. Price $3.75. 

W. G. Capy 


Handbuch der Experimental Physik, Vol. I, Messmethoden und Messtechnik. 
L. HOLBORN AND E. von ANGERER.—If the present volume is indicative of the character 
of the succeeding volumes of this undertaking, the new “Handbuch” will be prized by 
experimental physicists everywhere. It is being edited by W. Wien and F. Harms, with 
the codperation of fifty colleagues in various European countries, whose names are 
sufficient guarantee for the high standard of the work. According to the ambitious 
statement in the general preface, “It is intended that the ‘Handbuch’ shall present the 
broad domain of this science, which, owing to the ever growing literature, the individual 
investigator can no longer survey by his own efforts, in such a way as to comprise with as 
much completeness as possible everything necessary for scientific and technical experi- 
mentation.” About two thirds of this initial volume are devoted to the more funda- 
mental methods and technique of measurement in the various branches of physics. 
A brief chapter on units is followed by a section on mechanics, heat, electricity, magne- 
tism, and optics. The choice of topics and relative emphasis placed upon them seems 
somewhat strange, but presumably the balance will be restored in the remaining volumes. 


* See review in this Journal, Vol. 23, p. 661, 1924. 
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Thus on the one hand considerable space is given to the evolution of the meter in terms 
of the wave-length of light; to the tube-driven tune-fork as a standard of time; and to 
photometry. On the other hand the remaining branches of optics are practically ignored 
in this volume, as well as all mention of experimental work in sound, elasticity and 
capillarity. The chapters on electricity are very condensed, many important methods 
of measurement being omitted. Granted that these and other omissions are to be made 
good in the volumes yet to come, there still remains the suspicion that the work, like 
most other large-scale collaborations, is likely to suffer from lack of coherence. However, 
the topics treated are dealt with in masterly fashion. The work is intended less for the 
student than for the trained experimental physicist, and it should prove useful for 
workers in allied sciences as well. It is evidently written in part for the ‘‘Ausland,” 
since there are frequent references to units employed in France, Great Britain and the 
United States, and the number of citations of papers published in those countries is 
evidence of an unusual degree of thoroughness and impartiality. The remaining third 
of the volume forms an excellent treatise on laboratory technique. The chapters com- 
prise the following subjects: substances used in the laboratory (including especially 
tungsten and quartz glass); soldering, welding, and cementing, (including the modern 
method of uniting glass with copper); manipulation of glass; silvering and the prepara- 
tion of thin films (more might have been said on methods of sputtering); vacuum 
technique (but next to nothing on vacuum pumps!); metallic foil, fine wires, and quartz 
fibres; insulators and high resistances; thermo-elements (we miss, however, the modern 
vacuum thermo-element); an excellent chapter on photography; electric ovens, (the 
treatment of high temperature furnaces is inadequate); colloidal solutions; electro- 
plating; and a short chapter on miscellaneous ‘“‘Kunstgriffe,” including Eguchi’s ‘‘elec- 
tret.””. References to American sources are numerous. The index is excellent—an im- 
portant virtue in a work of this sort.—xx+484 pp., 246 figs. Akademische Verlags- 
gesellschaft, Leipzig, 1926. 
W. G. Capy 


Handbuch der Elektrizitét und des Magnetismus. Band V—Lieferung 1. L. 
GRAETZ.—This volume of the Graetz Handbuch is devoted to the problems of induction, 
alternating currents, electrical oscillations, and the methods of their production and 
detection. The policy followed is to present a skeleton of the theory and of the main 
experimental facts and to follow up by complete references to more recent work. 

(a) Induction. In this chapter the induction of electric currents due to various causes 
is treated. Applications such as the earth inductor are discussed. Eight pages are 
devoted to unipolar induction. A reference to the discussion by Tate in the Bulletin of 
the National Research Council is apparently lacking. The bearing of the Lorentz 
transformation on the phenomenon is not discussed. Induction coils, interrupters, and 
rectifiers are treated next. Useful references to the breakdown potential of air and to the 
effects of frequency are given. Formulas for the calculation of self and mutual inductance 
of coils are presented in some detail. It is to be regretted, however, that no tables are 
printed. The most important bridge methods of measuring self inductance are men- 
tioned. References to discussions of errors of measurement are also found. The results 
of the earlier work on skin effect are mentioned, though the later work is simply listed 
according to authors. The recent work of C. Snow at the Bureau of Standards is, of 
course, not mentioned. The applications of the theory of skin effect to resistance calcu- 
lations are treated again in a later chapter. A numerical error in Sommerfeld’s calcu- 
lations is not mentioned there (3.7 instead of the correct 3.4 for the ratio of the resistance 
of closely coiled wire to straight wire at very high frequencies). The calculations of 
Abraham and Bloch are not discussed in this connection. 

(b) Alternating currents. This section was prepared by J. Wiesent of Miinich. The 
Argand diagram for alternating currents is discussed, but impedances are treated mostly 
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without the aid of complex number representation. Methods of producing alternating 
currents, multiple phase currents, and oscillographs are enumerated. The resistance for 
alternating currents is discussed briefly. Only 50 pages are devoted to this section, 
and so it cannot be complete from an engineering point of view. However, it gives the 
important physical facts. 

(c) Electric oscillations. This chapter is again by L. Graetz. After a general dis- 
cussion of the phenomena, the mathematical theory of two coupled circuits is given. 
The considerations of Bjerkness are presented concisely. A number of references are 
given in connection with the calculation of natural wave-lengths of coils. The shortest 
and the longest waves that have been obtained are mentioned. Various detectors of 
oscillations and methods of producing oscillations, electrical filters, Whiddington’s 
ultra-micrometer, measurements of dielectric constants and absorption, electric dis- 
persion in the region of Hertzian waves, and the work of Arkadiew on the magnetic 
permeability in alternating fields complete this section. A number of circuit diagrams 
for use with electron tubes are drawn. 

In the first two sections the literature is covered through 1924. In the last the 
beginning of 1925 is included. The book is apparently intended to present most of the 
work done rather than to criticize it. v-+262 pp., 190 figs. Johann Ambrosius Barth, 
1926. Price 21,-brosch. 

G. Breit 


Handbuch der Physik, Bd. IX. Theorien der Wirme.—H. Geicer anp Kari 
ScHEEL.—The Handbuch aims to give a complete and critical summary of the state 
of both experimental and theoretical physics at the present time. It is not possible to 
give a detailed review of a work of so comprehensive a scope in a brief compass, and 
little more can be done than to indicate the contents. This volume contains the 
following articles: 

(1) Classical Thermodynamics, 140 pp., by K. F. Herzfeld; (2) The Nernst Heat 
Theorem, 34 pp. by K. Bennewitz; (3) Statistical and Molecular Theories of Heat, 
106 pp., by A. Smekal; (4) The Axiomatic Foundation of Thermodynamics by Carathéo- 
dory, 20 pp., by A. Landé; (5) Quantum Theory of the Large-Scale Thermodynamic 
State-Variables, 40 pp., by A. Byk; (6) The Kinetic Theory of Gases and Fluids, 
131 pp., by G. Jager; (7) The Production of Heat from Other Forms of Energy, 49 pp., 
by W. Jaeger; (8) Temperature Measurement, 90 pp., by F. Henning. 

Each of these articles is the authoritative work of an expert in his own field, and the 
collection will be well nigh indispensible. The part of the whole volume concerned with 
questions of recent development, and the number of questions from all branches of 
physics which must be treated by thermodynamic methods will be in the nature of a 
revelation to those who are inclined to think of thermodynamics as a more or less 
exhausted subject or as restricted to a particular type of application. This book may 
well be used by advanced students as a text, since there is here presented in easily 
available form all the essential material for which one has had to search hitherto in a 
number of sources. 616 pp., Julius Springer, 1926. Price 49.20 R.M. 


P. W. BripGMAN 


Handbuch der Physik, Bd. XI. Anwendung der Thermodynamik. H. GriGrer anp 
Kari ScHEEL.—This volume contains the following articles: 

1. Thermodynamics of the Production of the Electric Current, 41 pp., by W. 
Jaeger, Charlottenberg, 2. Thermal Conduction, 104 pp., by M. Jakob, Charlottenberg, 
3. Thermodynamics of the Atmosphere, 45 pp., by A. Wegener, Graz, 4. Hygrometry, 
11 pp., by M. Robitzsch, Lindenberg, 5. Thermodynamics of the Stars, 37 pp., by E. 
Freundlich, Neubabelsberg, 6. Thermodynamics of Vital Processes, 34 pp.,O. Meyerhof, 
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Berlin-Dahlem, 7. Production of Low Temperatures and Liquefaction of Gases, 68 pp., 
by W. Meissner, Berlin, 8. Production of High Temperatures, 85 pp., by Carl Muller, 
Charlottenberg, 9. Heat Transformations in Machines, 25 pp., by Kurt Neumann, 
Hanover. 

Again we have a collection of authoritative articles, which every physicist will 
want to have easily available for reference. Some of the articles, particularly those on 
the production of high and low temperatures, give sufficient practical detail to make 
them valuable as manuals of laboratory practice. The article on the thermodynamics 
of the stars will be welcomed as collecting in accessible form recent matter of great 
interest. The inclusion of an article on the thermodynamics of vital processes is of great 
significance and is symptomatic of a growing feeling that the stage is nearly set for almost 
undreamed of developments in the application of physics to problems of biology. 
454 pp. Julius Springer, price 37.20 M. bound. 

P. W. BRIDGMAN 


Handbuch der Physik, Bd. II. Elementare Einheiten und Ihre Messung. H. 
GEIGER AND KARL SCHEEL.—This volume contains the following articles: (1) Dimen- 
sions, Units, Systems of Measurement, J. Wallot; (2) Measurements of Length, F. 
Gépel; (3) Measurements of Angles, F. Gépel; (4) Measurements of Mass, W. Felgen- 
traeger; (5) Space Measurement and Specific Gravity, Karl Scheel; (6) Measurements 
of Time, W. Schmundt, V. v. Niesiolowski-Gawin; and C. Cranz; (7) Measurements of 
Velocity, V. v. Niesiolowski-Gawin; (8) Production and Measurement of Pressure, 
H. Ebert; (9) Measurements of Gravity, A. Berroth; (10) General Physical Con- 
stants, F. Henning and W. Jaeger. 

This book gives a useful collection of the sort of information that would be expected 
in a comprehensive series of this character, and should prove very convenient for 
general reference purposes. Anyone, however, who is interested in pushing his measure- 
ments to the limit practically attainable will probably have to go to the original sources. 
Thus in the section on weighing there is very little discussion of what the present 
possible limits of accuracy in weighing are, and the sections dealing with the subject of 
my own especial interest, high pressures, are entirely inadequate in the treatment of 
pressures higher than a few hundred atmospheres. One gets the impression from the 
diagrams and the references that technical developments outside of Germany have a 
less proportionate representation than those of Germany itself. Pp. 522, figs. 297, 
Julius Springer, 1926, price 39.60 R.M., 42:00 R.M. (bound). 

P. W. BRIDGMAN 


Handbuch der Physik, Band XXIII, Quanten. This volume is one of the well-known 
series now being published under the auspices of GEIGER and SCHEEL and so follows 
their policy of delegating the writing of particular chapters of each volume to experts 
in the particular field involved. 

Chap. I, which is much the longest (278 pp.), is a very thorough compendium on 
Quantum Theory by W. Pautt. This is an authentic survey of outstanding excellence on 
the quantum theory of line spectra up to the advent of the new quantum mechanics, 
and is well adapted to the advanced reader who is interested in a really scholarly in- 
vestigation of the theoretical problems connected with atomic structure and who can 
dispense with some of the elementary exposition found in the ordinary text-book on 
quantum theory. Pauli’s monograph is devoted primarily to the spectroscopic aspects 
of the quantum theory, as the statistical and chemical applications, also some of the 
mathematics of multiply periodic motions, are reserved for other volumes of the hand- 
book. The first third of Chap. I is on “general principles” such as adiabatic invariance, 
the correspondence principle, and the theories underlying the Compton effect, black 
body radiation, etc. This portion contains much excellent material not usually found 
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elsewhere, notably the discussion of spectroscopic stability, dispersion, and the sum- 
rules for intensities. Prof. Pauli might well have published his analysis of theories of 
damping constants and the breadth of spectral lines also in a research journal, as it is 
original and fills a real need. The second portion of Chap. I is devoted to the hydrogen 
atom, and is probably the most profound survey yet published of the various theoretical 
points connected with this topic,as such details as the second order Stark effect, etc.,are 
considered. The third part of Pauli’s chapter is concerned with the spectra of atoms with 
more than one electron, and contains good discussions of penetrating vs. non-penetrating 
orbits, multiplet theory, anomalous Zeeman effect, etc. 

Although writing before the appearance of the new quantum mechanics, Prof. Pauli 
always very clearly emphasizes the inadequacies of the old quantum theory, and has 
in fact shown a remarkable premonition as to what features of this (such as the “sum- 
rules’) would be permanent and what would not. In several cases he has even for- 
casted (as in discussing the second order and the inhomogeneous Stark effects) precisely 
the modifications in formulae which have since ensued with the new quantum me- 
chanics. 7 

Chap. II is a brief (27 pp.) but interesting critique by R. LADENBURG of the various 
experimental Methods of Determining Planck's Constant h. 

Chap. III (126 pp.), by W. Borue, is called The Absorption and Scattering of X-Rays, 
but is more comprehensive than suggested by the title, as sixty pages are devoted to the 
properties of secondary corpuscular radiations, i.e., the photo- and Compton-electrons. 
This chapter should prove valuable both to the experimental and theoretical physicist, 
as it is a well-written account of a timely subject. The tabulation and clear delineation 
of the various kinds of absorption and scattering coefficients is excellent. The discussion 
of the Thomson scattering formula is purely from the conventional classical viewpoint, 
and unfortunately there is no mention of the quantum derivation of this formula by 
means of the Thomas-Kuhn relations (subsequently embodied in the new quantum 
mechanics) or even a cross-reference to Pauli’s discussion of this topic on p. 92. 

Chap. IV (44 pp.) is a good account of Continuous X-ray Spectra by H. KuLEn- 
KAMPFF. 

Chap. V (116 pp.), written by P. PrinGsHeEiM, is entitled Excitation of Emission 
by Radiation and is devoted to various resonance radiation phenomena. Following a 
good discussion of the polarization of resonance radiation there is a section on the 
various effects of collisions of the second kind, such as quenching of radiation and 
“sensitized fluorescence.’’ This should be particularly useful because good summaries of 
this recently developed experimental field are scarce. Considerable space is devoted 
to the fluorescence and phosphorescence of organic and complex inorganic molecules. 

Chap. VI (47 pp.) is an article by W. Noppack on Photochemistry, and includes the 
luminescence concomitant to certain chemical reactions. 

The final chapter (135 pp.) is written by FRANK and JORDAN on the Excitation of 
Quantum Jumps by Collision, and is a slightly abridged version of their excellent book 
by the same title. This book will be reviewed in next month’s Physical Review, and so 
to avoid duplication no attempt will be made to describe it here. It seems rather un- 
fortunate that other portions of the volume might not also similarly be published 
separately in book form. 

It is perhaps needless to say that the entire volume is attractively finished, free from 
misprints, and quite completely documented with references to the literature. Pp. 
x+782. Verlag Julius Springer, Berlin, 1926. Price 57 Reichsmarks; bound 59.70. 


J. H. Van ViEeck 
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PROCEEDINGS 


OF THE 
AMERICAN PHYSICAL SOCIETY 


MINUTES OF THE CHICAGO MEETING, NOVEMBER 26 AND 27, 1926. 


The 141st meeting of the American Physical Society was held at the 
Ryerson Physical Laboratory, Chicago, Illinois, on November 26 and 27, 
1926. The President of the Society, PRorEssor Dayton C. MILLER, 
presided. Morning and afternoon sessions were held with an attendance 
of about one hundred and fifty. The Saturday morning session was 
divided into two sections. 

On Friday evening the Society held an informal dinner at the Quad- 
rangle Club, attended by seventy-nine members and guests. 

The regular meeting of the Council was held on Friday, November 26, 
1926. The following were elected to membership: Arthur S. Adams, 
C. Leonard Albright, J. A. Bearden, E. R. Bell, Arthur A. Bliss, Ray W. 
Boydston, Gail P. Brewington, Townsend Brown, Francis X. Burda, 
Robert H. Canfield, Andrew Christy, F. Evelyn Colpitts, Elbert F. 
Cox, F. H. Crawford, Robert H. Dalton, L. H. Dawson, Raymond C. 
Dearle, Henry B. DeVore, S. R. Durand, V. E. Eaton, Willard H. Eller, 
Howard M. Elsey, LeRoy E. Emerich, Gerald W. Fox, H. H. Friend, 
A. P. Friesen, Metta C. Green, V. B. Hall, Gustaf W. Hammar, S. M. 
Hanley, Alfred E. Haussmann, Margaret Hays, S. W. Heimlich, Robert 
Holzer, N.C. Jameson, Francis A. Jenkins, Arthur J. M. Johnson, N. H. 
Johnson, L. W. Jones, F. M. Kannenstine, Harry R. Kiehl, Thomas J. 
Killian, Victor E. Legg, Harold M. Lewis, G. H. Liebel, Julius E. Lilien- 
feld, Ernest G. Linder, Arthur C. Lockerwitz, George A. Lyle, Brother 
C. F. X. Majella, Henry Margenau, Frank C. McDonald, Alfred-W. 
Meyer, Henry Miller, Lewis B. Miller, J. W. Million, Jr., Franklin Mohr, 
Hans Muller, Morris Muskat, William G. Nash, L. F. Ollmann, Henry 
- Otten, Jr., Linus Pauling, Carl Pfanstiehl, H. T. Plumb, Elizabeth 
Richards, Wesley M. Roberds, George I. Rock, R. Rollefson, T. A. Rouse, 
William Rule, E. O. Salant, James W. Sappenfield, G. C. Schleter, G. R. 
Sears, Raymond J. Seeger, C. Willard Sharp, Manne Siegbahn, J. 
Kenneth Smith, L. O. Sordahl, Leland J. Stacey, George A. Stinchcomb, 
Carrington H. Stone, Francis L. Talbot, Walter G. Traub, Hugh D. 
Ussery, Willy Uyterhoeven, G. D. Van Dyke, John A. Victoreen, Clifford 
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N. Wall, Lawrence A. Ware, M. Russell Wehr, Albert E. Whitford, Hugh 
B. Wilcox. 

The regular scientific session consisted of fifty-seven papers (eight of 
which were read by title), abstracts of which are given on the following 
pages. An Author Index will be found at the end. 

HAROLD W. WEBB, Secretary. 


ABSTRACTS 


1. Refraction of x-rays by method of total reflection. RicHarp L. Doan, Uni- 
versity of Chicago.—This is a continuation of the work described in a paper presented 
at the last Washington meeting of the Physical Society. Highly reflecting metallic 
surfaces of Ag, Cu, Au, Ni, and Fe, prepared by sputtering in vacuum onto an optical 
glass surface, were used as mirrors for the reflection of monochromatic x-rays obtained 
from copper and molybdenum water-cooled Coolidge tubes. Indices of refraction, as 
calculated from critical angle measurements, agree in general with theoretical values 
as given by the Drude-Lorentz dispersion formula, although two exceptions have been 
noted. The refraction of the line CuKa; in Cu is particularly interesting because of the 
pronounced resonance effect due to the K-electrons. The theoretical value of the index 
of refraction calculated on the assumption of two K-electrons differs by about 20 per 
cent from the values obtained on the assumption of one or three electrons but agrees 
with the experimental determination to within two per cent. The expected departure 
from theory when an absorption limit is approached too closely has been observed in the 
cases of CuK§ refracted in Cu and CuKa; in Ni. The refraction of CuKa, in gold in- 
volves an effect due to the L-electrons and a theoretical calculation made on the basis 
of Stoner’s assumed distribution of these electrons gives a value which agrees fairly well 
with experiment. 


2. M series x-ray absorption spectra of osmium, iridium, and platinum. R. A. 
RoceErs, University of lowa.—Using a metal x-ray tube and vacuum spectrometer of 
the Siegbahn type, the absorption spectra have been investigated from 3.5A to 7A. 
Spectrograms have been obtained showing five discontinuities for osmium at 6.194A 
(M,), 5.975A (Mz), 5.027A (Mg), 4.412A (M,), and 4.037A (M;); four for iridium at 
5.961A (M;), 5.754A (Ms), 4.851A (M3), and 4.270A (M,); four for platinum at 5.736A 
(M;), 5.541A (Mz), 4.674A (Ms), and 3.738A (M;). Discontinuities corresponding to an 
Ms level for iridium and an M, level for platinum were not obtained. The first two 
discontinuities, corresponding to M; and Mg, for each element are displaced toward 
shorter wave-lengths by more than 0.1A from the positions predicted, from theoretical 
computations, by Sommerfeld and Bohr and Coster. The displacements are quite con- 
sistent with those reported by Zumstein for tungsten. The experimental values for the 
M; and M, discontinuities lie between the two sets of computed values for those levels. 
While the experimental values for M; are slightly lower than the computed ones, yet 
the deviation from those values is comparable to that of Ms and My. Two types of 
absorption discontinuities were found on the spectrograms—“white line’ absorption 
and “limits” separating regions of unequal darkening. No evidence was found of a 
component on the short wave-length side of M; as was reported by Zumstein for tung- 
sten. 


3. The x-ray L absorption edges of the elements Sn to Ru inclusive. Geo. D. 
Van Dyxe and Geo. A. Linpsay, University of Michigan.—The L absorption edges for 
the elements Sn (50), In (49), Cd (48), Ag (47), Pd (46), Rh (45), and Ru (44) have been 
photographed with the use of a Seigbahn vacuum spectrograph. Calcite was used as a 
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reflecting crystal. The absorbing screens for Sn, In, Cd, and Pd were rolled from the 
pure metal. The Ag absorption occurred in the film on the photographic plate. Rh and 
Ru were pulverized, mixed with collodion, and allowed to spread out in thin films. Since 
it has been found that the wave-length of the critical x-ray absorption limit depends 
upon the chemical combination of the element, and in many cases is accompanied by a 
series of absorption “‘lines” or fine structure on the short wave-length side of the principal 
edge, an investigation carried on with the pure element should yield energy values more 
characteristic of the substance than those obtained from compounds. A single white 
line on some of the plates is the only evidence of fine structure. Values of »/R are calcu- 
lated and compared with Coster’s values for the same elements in compounds. 


4. The intensity of reflection of x-rays by crystals and the Compton effect. G. E. M. 
Jauncey, Washington University.—In a recent paper by Bragg, Darwin and James 
(Phil. Mag. 1, 897, (1926) ) a formula is given for the case of an ideally imperfect 
crystal, corrections being made for extinction and temperature. At high orders of reflec- 
tion the experimental intensity becomes much less than the formula demands. It is 
suggested that a further correction factor is introduced by the Compton effect, it being 
supposed that only those electrons which are in orbital positions U such as to scatter 
unmodified rays take part in the crystalline reflection of x-rays. Jauncey’s theory of the 
unmodified line gives the ratio of the numbers of electrons in the U and M positions 
(Phys. Rev. 27, 687(1926)). A calculation of the quantity F in the Bragg, Darwin and 
James formula can then be obtained from this ratio on the assumption that the electrons 
in the U position in the atom scatter as a whole. 


5. A theory of the mechanism of crystal growth. WHEELER P. Davey, Pennsylvania 
State College——There is considerable evidence that crystallization does not proceed 
uniformly along a plane surface but, instead, proceeds along a sort of three-dimensional 
lattice-work which is later filled in with crystalline material. For instance if a super- 
saturated solution of photographic hypo is crystallized, the three-dimensional lattice- 
work may be seen, simulating the crystal axes, with hypo solution in the interstices. 
This suggests that all “‘single crystals” grow in somewhat similar fashion. Evidence of 
such a lattice-work may be seen inside the contraction cavities of large-grain pure 
copper crystallized in dry oxygen-free H;. The ends of a similar lattice-work were 
found at the end of a large single crystal of copper from which the molten metal had been 
suddenly removed. Evidences of the lattice-work were also found on the surface of 
copper cast in H; and in the surface skin surrounding single crystal copper. This means 
that the material which solidifies later in the meshes of the lattice-work is under tension. 
Thus all crystals are produced in a state of strain. This accounts satisfactorily for etching 
pits, the “solution cavities” of Honess, dendrite formation and other metallographic 
phenomena as well as the customary imperfections in crystal structure noted in x-ray 
work. 


6. Solid solutions of chromium and nickel and of iron and nickel. F. C. BLAKE, 
James Lorn and A. E. Focxeg, Ohio State University.—Curves are given showing that 
chromium goes into the nickel lattice up to 63 percent chromium by weight the maximum 
amount of distortion being 2.8 percent. From 63 percent to 100 percent chromium by 
weight the nickel is in the face-centered chromium lattice, but this lattice being meta- 
stable at ordinary temperatures most of the chromium separates out as body-centered 
chromium. In the case of iron and nickel the iron distorts the nickel lattice up to 74 
percent iron by weight, after which the nickel is in the face-centered iron lattice up to 
100 percent iron by weight; but face-centered iron is stable only at high temperatures 
so most of the iron separates out at room temperature. In both cases miscibility is 
complete but there is overlapping between the regions of distorted face-centered nickel- 
chromium (or nickel-iron) and body-centered nickel-chromium (or nickel-iron). On 
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account of the small difference in lattice between isomorphs of chromium, nickel and 
iron, a degree of precision higher than that now in use must be attained before the 
methods of x-ray analysis can determine whether the phase that separates out contains 
both metals in the body-centered state. 


7. The synthesis and disintegration of atoms as shown by an application of the 
Wilson cloud-track method. Wiiit1am D. Hargrns and H. A. SHappucx.—In 1923, 
Harkins and Ryan (J. Am. Chem. Soc. 45, 2096) developed and applied on a large scale 
a modification of the Wilson Cloud-Track Method which was capable of indicating the 
most important features of the mechanism of the disintegration of a light atom under 
bombardment. By the use of their procedure both Blackett (Proc. Roy. Soc. 107, 
349 (1925) ) and the writers have obtained photographs which show that a fast a-particle 
may unite with a nitrogen nucleus on impact, and that a hydrogen nucleus is released. 
In 265,000 a-tracks of 8.6 cm range we have thus far found two disintegrations. In one 
of these the track of the H-particle is at an angle of 118° with that of the a-particle, and 
the range of the proton is 19.6 cm. That a proton is actually emitted is shown by the 
fact that kinetic energy is not conserved and the heavy nucleus gains 11 % of the kinetic 
energy from the a-particle. Also the track of the proton is only one-tenth as bright as 
the other tracks, and its visible portion is three times longer than is possible for any 
heavier particle. 


8. Polarization of \2537 of mercury. H. F. O_son, University of lowa.—i1S—2p, 
of mercury excited by plane polarized light shows 79 % polarization both in the absence 
of any magnetic field and in the presence of a field parallel’to the electric vector in agree- 
ment with recent results of Keussler. That such a field should produce no change in the 
polarization is in accord with Heisenberg’s extension of the principle of spectroscopic 
stability. That the polarization is not complete might be interpreted as due to collisions 
but more probably is due to the fact that in very weak fields some of the fine components 
of 2537 have not the same Zeeman pattern as in strong fields. The polarization with 
other relative orientations of field and light vector and the variation of polarization with 
field intensity in weak fields may be interpreted successfully by means of a semi-classical 
model, with proper relative intensities parallel and perpendicular to the light vector, 
rotating after excitation with an angular velocity $g(e/m) (H/c) and emitting a damped 
wave. From curves connecting depolarization, rotation of maximum of polarization, 
etc., with field intensity « has been found to be 1.02(+.02) 10’ sec. 


9. Polarization of light excited by electron impact. Jon A. ELDRIDGE, ALEXANDER 
ELLEttT, and Harry F. Otson, University of lowa.—Ellett, Foote and Mohler and also 
Skinner have observed the polarization of the mercury spectrum when excited by a 
well defined stream of slow moving electrons. The present experiment shows that the 
lines of the sharp subordinate series are in general weakly polarized; but those of the 
diffuse subordinate series quite strongly polarized (in agreement with Skinner). In this 
series the electric vector of the excited light is normal to the electron stream whenever 
j =0 and parallel to the stream for lines involving a decrease of j. In the cases in which 

j increases the line is less strongly polarized and our results are not definite. As has been 
previously suggested we suppose the excited atoms with their j vector in or near the 
plane normal to the electron stream. Qualitatively the results for this series are in agree- 
ment with the concept (Rubinowiéz) that the atom emits a plane polarized or circularly 
polarized light quanta according as j remains constant or changes by one. This simple 
theory for the polarization can not be correct, however, as it leads to parallel polarization 
never greater than 33 %, as contrasted with 60% which has been found for some lines;. 
it also falls down when applied to the somewhat weaker polarization of the other series. 


10. Impact polarization and the spinning electron. A. ELLETT, University of lowa.— 
The principle of conservation of angular momentum together with Heisenberg’s exten- 
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sion of the principle of spectroscopic stability lead Foote, Mohler and the writer to 
predict for \2537 of mercury polarization with major electric vibration parallel to the 
exciting electron beam, contrary to fact. Eldridge, Olson and the writer have shown that 
in most cases lines of the mercury spectrum for which AR during the collision is +1 
exhibit polarization of the type to be expected if the Zeeman levels for which m= +1 
are favored in excitation, whereas if AR in excitation is zero the assumption that the 
level m =0 is favored leads to the correct conclusion. On the spinning electron hypothe- 
sis these results may be interpreted by saying that when R changes the spinning electron 
turns over during the collision and gives to the atom a unit of angular momentum 
parallel to the electron beam, and to the magnetic field which may be applied in this 
direction without changing the resulting polarization. Likewise 1s—2p, of sodium 
should show zero polarization and 2:—3d, of thallium should show polarization, 
if the reorientation of the spinning valence electron relative to the orbital momentum is 
brought about by the colliding electron turning over. If this is not true, the latter should 
behave like D, of sodium. 


11. Spectroscopic interpretation of the magneton numbers in the iron group. A. 
SOMMERFELD, University of Munich, and O. Laporte, University of Michigan.— 
For the spectroscopic interpretation of the measured magneton numbers for the ions 
of the first long period an average of the j.g-values for the different levels of the polyfold 
ground-term must be taken. This was not necessary for the paramagnetism of the rare 
earths (Hund) since the separations Ay are so large that only the lowest level needs to be 
considered. The exact formula for the magneton number (in Weiss-units) becomes: 

uw =4.97 (ZN; j(j+1)g(j, J, s)* /(Z Nj); 

j, l, s are the quantum numbers of the level in question and N; the weight: (2j+1) 
exp. (—hcAvy/kT). The terms which are assumed to represent the normal state of 
the ions are computed according to the Stoner Periodic System using the rules given by 
Pauli and Hund. If the lowest term is single (i.e., of S type), the magnetic moments 
computed in the old fashion and those according to this formula must furnish the exact 
measured value—this is indeed the case for Fe’*’ and Mn"’, the lowest term of which is 
*S—whereas in general the observed values lie between the two curves drawn for 
Avy =0 and Ay= «©. The Boltzmann factor also causes a dependence of » upon the tem- 
perature. The Heisenberg-Schroedinger quantum mechanics does not alter the above 
formula. 


12. Fluorescence spectra in metallic vapours excited by the light in the mercury arc. 
J. C. McLennan, University of Toronto, and I. WALERSTEIN, University of Chicago.— 
The fluorescence spectrum of iodine obtained by McLennan with iodine vapour excited 
by the light in the mercury arc, suggested an investigation into the effects of ultra-violet 
light on the vapours of other elements. Fluorescence spectra were obtained from the 
vapours of sulphur, selenium, tellurium, and bismuth at moderate temperatures by 
using a large quartz mercury lamp as source of excitation. The vapour of sulphur gave 
a set of bands extending over the range of the visible spectrum. Selenium at 325°C 
gave a fluorescent spectrum ranging from 2200A to 6500A while at 425°C it emitted a 
different spectrum consisting only of 9 very broad bands between 4178A and 4829A, 
and this latter spectrum itself disappeared at higher temperatures. The fluorescence 
spectrum of tellurium consisted of a set of regularly spaced bands in the visible region, 
and the relative intensities of the bands varied according to the pressure of the vapour. 
Bismuth emitted a band spectrum in the region 4400A to 4900A. It was found that 
the region of the mercury arc which excited the tellurium vapour to produce fluorescence 
radiation was between 2536A and 3655A. 


13. Extreme ultra-violet spectra using large angles of incidence. J. BARtToN HoaG, 
University of Chicago.—A vacuum spectrograph has been constructed using a concave 
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speculum grating of 215.3 cms radius having 591 lines per mm. The familiar Rowland 
mounting is used except the slit is placed close to the grating making the angle of in- 
cidence approximately 80°. Using carbon and magnesium electrodes, spectra have been 
obtained from 220A to 1700A. The scale varies from 3.54A per mm at 1600A to 2.26A 
per mm at 550A in the first order. Preliminary measurements give an accuracy of .04A. 


14. Note on the auroral green line 5577. Davip A. Keys, McGill University.— 
In view of the recent important work of McLennan, Vegard and others on the origin 
on the auroral green line 5577, the light emitted from the electrical discharge in mixtures 
of (1) helium and oxygen and (2) argon and oxygen was investigated witha Hilger quartz 
spectograph of D type by the writer while a guest of the Nela Research Laboratory at 
the kind invitation of Dr. W. E. Forsythe. In a mixture of oxygen and argon (argon 
pressure =40 mm, oxygen pressure=8 mm) contained in a pyrex tube 8 mm internal 
diameter made in H-form, the line 5577 appeared very strongly. Tungsten electrodes 
were used, the current was 80 milliamps/cm* and potential 800 volts from a trans- 
former. The oxygen soon combined with the tungsten forming a bluish deposit on the 
glass walls after which no trace of the line appeared. This result confirms that of McLen- 
nan, Ireton and Thompson (Nature, Sept. 25, 1926) and is further evidence that the 
line is primarily due to oxygen. Some evidence of the line in a mixture of helium and 
oxygen was also found. 


15. Spectrum of Cu II. A. G. SHENsTONE, Princeton University.—The theoretically 
lowest terms of Cu II are 'S(d") and *D, 'D(d*s). Approximate separations are predict- 
able from Cu I. They should combine with (d%p) *P, *D’, *F, 1P, 4D’, 'F and these also 
with higher *D, 'D(d*, s). Such terms, except 1S, have now been found, accounting for 
all strong Cu II lines down to \1944. Terms are all inverted except *F which is partially 
inverted. The three possible combinations of 1S should be about 41400 with separation 
of 5185 and 494 cm™. Other terms, probably from d°d, have been found but not desig- 
nated. Intensities are regular except for inter-system combinations. Zeeman patterns 
to 41979 give excellent confirmation except for *D;’ and '¥; which apparently share 
their g-sum, irregularly. Calculation of limits indicate, contrary to theory, that *D, 
and *D, converge to one limit and *D, and 'D, to another. The separations *D;—*D, 
for the two terms are identical with ‘eD,—‘eD, of Cu I. Calculated ionization potential 
of Cu II is approximately 17.8 volts from *D; and 1.8 volts higher from 4S. Published 
analyses of spectra Nil and Pd I contain *D, 'D terms showing same peculiarities of 
separation and convergence as Cu II terms. Calculated I. P.’s are Ni I, 7.8 volts, Pd I, 
8.5 volts. 


16. The absorption spectrum of antimony vapor. R. V. ZUMSTEIN, National Research 
Fellow, University of Michigan.—Antimony vapor is polyatomic. By slowly admitting 
the vapor into a hot carbon tube at about 1400°C, the molecules of vapor were dissoci- . 
ated into atoms and the atomic absorption spectrum was studied. The experimental 
method was described in The Physical Review, May, 1926. The arc lines 2311.50, 
2175.88, 2068.38 were strongly absorbed. 2023.86 and 2127.46 were also absorbed but 
with considerably less intensity. These results are in agreement with the analysis of the 
antimony arc spectriim by Ruark, Foote, Mohler and Chenault (B.S. Sc. Papers 19, 
479, (1924) ). All of the five absorption lines come from the 3d, state, which is without 
doubt the normal state ‘of the atom. The absorption of \2311.50 was previously ob- 
served by Narayan and Rao. (Phil. Mag. 50 648, (1925).) - 


17. Excitation of arc spectrum of nitrogen. R. A. WoLFE and O. S. Durrenpack, 
University of Michigan.—The arc spectrum of nitrogen was excited in an interrupted 
low voltage arc in a mixture of helium and nitrogen. The nitrogen are lines were very 
strong in a limited region whereas in other regions helium lines or nitrogen bands strongly 
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predominated. The intensity of the nitrogen lines was such that the spectrum could be 
photographed on a contrast plate in two hours with a Hilger E 1 quartz spectrograph. 
This spectrograph with glass prism and lens was employed in the region 4000-8900A, 
where exposures of three hours sufficed. All but a few of the lines reported by Merton 
and Pilley were verified, and a considerable number of additional lines were found. 
A number of these agree with lines reported by Hardtke, not found by Merton and 
Pilley. Others of these fill vacant spaces in multiplets computed by Kiess for the quartet 
system. The strength of the nitrogen lines in this arc is undoubtedly due to a high degree 
of dissociation of the nitrogen by excited helium atoms present in large concentration. 
This is in accord with the theory of the low voltage arc and with K. T. Compton's 
explanation of the origin of the nitrogen arc lines in Merton and Pilley’s discharge. 


18. A compound interferometer for fine structure work. WitL1am V. Houston, 
National Research Fellow, California Institute of Technology.—The principal difficulty 
in the use of the Fabry-Perot interferometer to measure spectral fine structure is that 
when high resolution is used the successive orders usually overlap. This difficulty can 
be avoided by using two such interferometers in series. The dispersion of the inter- 
ferometer is independent of the plate separation, while the distance between orders 
is inversely proportional to it. Thus an instrument with a small separation may be used 
as a preliminary filter to eliminate many of the orders in one of larger separation, with- 
out affecting the fine structure pattern. In this case the resolution is even greater than 
that due to the larger separation. To get the best results it is necessary to adjust the 
separations to the ratio of small whole numbers. This can be done by means of the fact, 
discovered by Perot and Fabry, that white light fringes appear when this condition is 
satisfied. The mathematical theory of this instrument has been worked out and an 
instrument is almost finished, which will be applied to the study of the Balmer lines and 
other fine structure problems. It promises to be especially valuable in the study of 
hyper-fine structure. 


19. Some laboratory observations bearing on the spectra of comets. Harvey B. 
Lemon, University of Chicago.—Among the most conspicuous bands in comet spectra 
are those of the Swan spectrum attributed in the past by some to a carbon molecule and 
by others to CH or (CH)2. All spectra appearing in comets can be produced with a large 
excess of helium and low partial pressures of carbon compounds. If hydrogen also is 
present, revealed by the Balmer lines, the Swan spectrum is brilliantly developed in a 
Wood type tube, and this spectrum appears and fades simultaneously with the Balmer 
series. This is taken as direct evidence for the hydrocarbon origin of this spectrum, and 
also for the presence of hydrogen in comets. Sodium occasionally appears in cometary 
nuclei, always temporarily near perihelion. In Halley’s comet Slipher found only Ds, 
and in Brooks’ comet Wright found D, three times D, in intensity. Usual laboratory 
-excitation gives D; : D,;=10:7. In a thermionic tube with CO at 10-* cm or less and a 
trace of Na as impurity, the D lines appear when the filament is heated to its maximum 
temperature. Their relative intensity is D, : D, =5 to 25 : 1, and the similarity between 
their appearance and the conditions of excitation to that in comets beco mes striking. 


20. The spectra of comets. N.T. BoprovnikorF, University of Chicago. (Intro- 
duced by Harvey B. Lemon.)—All bands and lines observed in the cometary spectra 
can be attributed to: (1) Carbon and its compounds (the first positive (Swan), and the 
third negative groups, CO*, “high pressure” Fowler CO bands, C+H bands, line spec- 
trum C+; suspected:—Baldet-Johnson system and the Triplet system). (2) Nitrogen 
and its compounds (N neutral, line spectrum, N*+*, and the first negative and third 
positive groups, the violet and red groups of CN; uncertain: N+). (3) Hydrogen, the 
continuous molecular spectrum and probably the secondary spectrum. These spectra 
can be obtained in the laboratory in an excess of inert gases and with a partial pressure 
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of the emitter of the order 10-‘—10-* cm. For their production no disruptive discharge 
is necessary. The excitation potentials of these spectra do not exceed 24 volts. In the 
occasional appearance of sodium D lines, near distance to the sun is the chief though 
not only factor. Neutral helium is suspected in comets. The radiation pressure formula 
of Schwarzchild cannot be applied to the case of comets’ tails which are of a gaseous 
nature, Einstein’s modification of Planck’s radiation formula may be applied. 


21. Band spectrum, continuous emission, and continuous absorption of fluorine gas. 
Henry G. GALE and GeorcE S. Monk, University of Chicago.—The band spectrum, 
consisting of ten bands between 5100A and 7200A has been photographed by long 
exposures with a concave grating spectrograph of 2.64A per mm dispersion. Sufficient 
detail has been obtained for an analysis of two bands and to show the general structure of 
two others. The zero points of the bands are given by v = 17438.8+-(1104.9n’ —2.9n'2) 
—(1071.5n’’—9.9n’"?), yielding frequencies »p=19637.0, 18540.8, 17438.8, 16377.2, 
15335.3, 14325.0; having vibrational quantum numbers n’ n’’ =2,0; 1,0; 0,0; 0,1; 0,2; 0,3 
respectively. Analysis of the bands at v»>=17438.8 and »»=16377.2, having the same 
initial vibration frequency, and satisfying the combination R(m)—P(m), gives 2B= 
3.8+0.4, or, J=14.5X10-. A peculiarity of these bands is the increasing fuzziness of 
the lines from band to band toward the red. For experimental reasons the emitter is 
believed to be the F; molecule. In spectrograms obtained using a spark discharge in 
fluorine two continuous emission bands are shown at approximately 2800A and 2600A. 
Spectrograms showing the absorption of fluorine have been obtained, using columns of 
the gas, at atmospheric pressure, as short as 7 cm and as long as 3 m. Continuous 
absorption occurs to the violet of 4100A. No line absorption spectra were obtained. 


22. Intensity relations and electronic states in spectra of diatomic molecules. 
Rosert S. MULLIKEN, Washington Square College, New York University.—The 
correspondence principle predicts definite intensity relations for P, Q, and R band lines 
in molecules having a rotational energy term F=B(j?—o*)+ ...., provided ¢ is an 
electronic quantum number corresponding to a precession about the internuclear axis 
(along which the angular momentum ¢ch/2z is directed). Hénl and London have given 
equations, obtained with the help of the summation rule, for the three possible cases 
4o=0, +1. Let J represent intensity. Then for low values of j (rotational quantum 
number), the theory predicts Jp >Ip (especially when oa is large) if o decreases during 
emission, but Ip>TIp if o increases,and Ig =Ip+Jr, approximately, in both cases. 
For Ao=0, the prediction is Jp=Jp, with Ig smal! (vanishing with c) and falling with 
increasing j. Various band spectra have recently been interpreted by the writer as 
corresponding to electronic transitions 1S->1S (CuH type), 'P->1S (AIH, He; “series” 
bands), 'D-'P (He, \5733), 'S->1P (He: 44546 and 6400, CO Angstrom), with o=0 
for 1S, o=1 for 1P, and ¢=2 for 'D states. These interpretations, and the proviso 
mentioned above as to the nature of ¢, are now found completely confirmed in a com- 
parison of available intensity data with the predictions of the theory. 


23. The beta bands of nitric oxide. Francis A. JENKINS, HENRY A. BARTON, 
and Rospert S. MuLiiken, Harvard University and Washington Square College, New 
York University —The NO bands have been photographed, using an active nitrogen 
source, in the second order of the 21-foot concave grating at Harvard University. Each 
band consists of two sub-bands H and L each composed of a P and an R branch of 
nearly equal intensity, and a very weak Q branch (much weaker in H than in L) whose 
intensity falls steadily from the first line. The otherwise continuous P-R series shows 
two missing lines in the H sub-band, four in the L sub-band. The quantum analysis 
discloses two distinct initial (H’ and L’) and two distinct final (H’’ and L’’) sets of 
rotational levels, all with integral quantum numbers. All the above relations are 
accounted for if the rotational terms are of the form B(j*—o*)+ ...., with o=}$ for 
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the H’ and H”’ levels, o = 1} for the L’ and L”’ levels, and j =¢+}, o+1}, 0+2},....; 
the intensities agree closely with those calculated from the appropriate Hénl and London 
equations (cf. preceding abstract). The bands evidently correspond to *P—?P electronic 
transition. Preliminary values for the internuclear distance are rq’ =1.44, rz’ =1.40, 
ry’’ =1.16, rz’’ =1.14, all times 10-* cm.; the r’’ values refer to the normal state of NO. 


24. Carbon monoxide band excitation potentials. ANN B. HEPpBuRN. University 
of Chicago.—By using a hot filament three element tube, in which the grid and filament 
were so arranged as to enclose a field free space about one mm from the filament, it was 
possible to make visual and photographic determinations of the excitation potentials 
of the 0,0 bands of the Angstrom, Comet Tail, First Negative Deslandres, and Baldet- 
Johnson band systems of CO. A residual pressure of mercury vapor from the condensa- 
tion pumps was present in the tube and was used as a means of correcting for the P.D. 
across the filament and contact e.m.f.’s in the tube. 2537 (4.9 volts) was used with the 
photographic observations and 5461 (7.7 volts) was used for the work in the visible. 
Computations made by Birge indicate that \A4511, 4880, 2190, 3794 should be produced 
by electrons having a minimum velocity corresponding to 10.7, 16.7, 19.8, 19.8 volts 
respectively. The experiments performed confirm the computations within the limit 
of experimental error, namely, +.1 volt. 


25. An investigation of some hydrocarbon bands. FRANK C. MCDONALD, University 
of Chicago. (Introduced by Harvey B. Lemon.)—Two new bands, 2264, \2367, have 
been analyzed according to the quantum theory. These bands were found when methane 
was introduced into a Wood tube and excited by a condensed discharge. The same bands 
appeared when acetylene was mixed with helium and excited by a transformer discharge. 
Many more lines were observed on the methane plates than on the acetylene plates. 
These bands have been arranged in P and R branches with a single missing line. They 
have been shown to belong to the same system with a common initial state. The possi- 
bility of a CH ion as the carrier is considered. New plates with high dispersion of a band, 
43143, originally reported by Fortrat, have been obtained. However, the structure of 
the band on these plates seemed to differ in several respects from that given by Fortrat. 
This band and a subsidiary band, \3157, were found when methane was allowed to flow 
through a Wood tube and subjected to a condensed discharge. A more complete analysis 
has been made than that previously given. 


26. The titanium bands. R. T. BrrGe and A. Curisty, University of California.— 
Using chiefly previously published data, we have been able to arrange 28 of the well- 
known titanium bands (eight with a measurable second head) in one system, and to 
assign vibrational quantum numbers. The heads are given by 


) 
_ 19,350.01 ae rae 
"= 19'3  —— 4.5n’2) —(1003.5n’’ —4.5n ngiogk 


with an average residual of one cm~. The electronic energy change and the frequencies 
of vibration show a close correlation with the corresponding values for the aluminum 
bands which are now definitely known to be due to AlO. The distribution of intensity 
among both the vibrational and the rotational states is closely the same for the two 
molecules. A rough preliminary estimate of the moment of inertia shows a similar 
correlation. All these facts point very strongly to the conclusion that these titanium 
bands are due to TiO, and not to TiOs, and this fact should be considered in astrophysical 
work on these bands, which form the dominant feature of M-type stars. Fine structure 
analysis of the 0-0, 1-0, and 0-1 bands, using new spectrograms taken especially for us 
by Dr. King, is now in progress. 
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27. The fine structure of three infra-red absorption bands of ammonia. G. A. 
StincHcoMB and E. F. BARKER, University of Michigan.—Using a grating spectrometer 
with a rock salt fore-prism, the fine structure of the 1.98, 2.24 and 3.0u bands of am- 
monia was determined. The 3.0u band has been previously resolved by B. J. Spence. 
This work checks the shape of the curve and the frequency differences, but differs some- 
what in the values assigned to the wave-lengths, and furnishes a little more detail. The 
1.984 band consists of about 30 lines spaced with fair regularity throughout the entire 
band. Its center is marked neither by an absent line, nor by a single zero branch of great 
intensity like that at 3.0u. The frequency difference between adjacent lines approximates 
10.0 cm. The 2.24 band is extremely irregular making the location of the lines some- 
what uncertain and yielding no obviously characteristic frequency difference. Here also 
no zero branch is apparent. While an accurate determination of the percentage of 
absorption was not considered of first importance, the growing interest in this phase of 
the problem has led us to employ unusual care, and it is believed that the percentage 
values assigned to the lines are fairly accurate. 


28. Critical potentials of the spark lines of mercury. JoHN A. ELDRIDGE, University 
of Iowa.—Block has classified as belonging to three groups 300 spark lines of mercury 
and Dejardin has found three threshold values for the exciting potentials. However 
the number of lines studied by Dejardin was small and it might be questioned whether 
all of the known spark lines did actually fall into these three groups. The intensities 
of 30 of the stronger spark lines have been measured as a function of voltage and three 
critical values found less than 150 volts, at 18, 24 and 57 volts respectively. The absolute 
values of such critical potentials is not certain as the values may be altered several volts 
by changing the current density. 


29. Collisions of the second kind between zinc and mercury atoms. J. G. WINANS, 
University of Wisconsin.—The preliminary results are described in Nature 118, 46 
(1926). Additional evidence has been obtained that mercury atoms in the 2P state are 
effective in collisions of the second kind with zinc atoms. The quartz tube containing 
zinc and mercury vapors was illuminated by nearly monochromatic light of 41849 
(1S—2P) obtairied by a focal isolation method from a hot mercury arc. The zinc sharp 
triplet (2;,2,;—2s) appeared very clearly in the secondary radiation and failed to 
appear when all wave-lengths shorter than 2100 were absorbed from the exciting light 
by a sheet of very thin glass. Similar results were obtained using the water cooled 
mercury arc and the aluminum spark as light sources. 1849 has been photographed 
through an air path of 90 cms. The zinc lines which appear when various light filters 
(chlorine, glass, and acetic acid) are placed in the path of the exciting light from a mer- 
cury arc, give evidence that some mercury atoms in the 3d state transfer their entire 
energy to zinc atoms in collisions of the second kind. A calculation on the basis of the 
kinetic theory shows that, under the conditions of this experiment, an excited mercury 
atom with an associated metastable state is probably about twice as effective in pro- 
ducing collisions of the second kind as one with no metastable state near it. 


30. The resonance glow in a hydrogen discharge tube. RoGers D. Rusk, North- 
Western College.—At pressures of hydrogen below 0.2 mm and potentials higher than 
the minimum arcing potential a blue haze extends throughout the hot filament dis- 
charge tube. Systematic variations of gas pressure, discharge potential, filament current 
and anode distance have been made to determine the nature of the glow, which corre- 
sponds to the type-three discharge mentioned by Richardson and Tanaka (Roy. Soc. 
Proc. 106 A, 640, (1924) ). For a fixed anode distance the appearance of the glow 
occurred at a constant potential for pressures below 0.2 mm at which pressure it became 
indistinguishable from the more common arc type of the glow. The intensity of the glow 
and its extent are functions of gas pressure, anode distance and potential. Weakness 
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of the Balmer lines and the effect of pressure change suggest a close relationship between 
the life of the excited molecule and its collision frequency. 


31. The distribution of energy among electrons rebounding from helium atoms. 
A. L. HuGues and L. W. Jones, Washington University.—A narrow beam of electrons 
of known velocity was directed into helium at various pressures below .01 mm. A pair 
of slits selected those electrons rebounding at 90 degrees +3 degrees, and their distri- 
bution of velocities was measured by the magnetic field method. The pressure used was 
sufficiently low to insure that the rebounding electrons had made but one collision. 
For electrons having energies ranging from 16 to 100 volts, it was found that the rebound- 
ing electrons had exactly the same energy as they had before collision. In particular, it 
was noted that there were no electrons rebounding at 90 degrees with a loss of energy 
corresponding to excitation (20 volts) or to ionization (25 volts). 


32. Secondary electron emission from molybdenum. ALBERT W. HULL and J. M. 
Hyatt, General Electric Co.—A special three-electrode tube was used, consisting of a 
short straight tungsten filament in the axis of a long cylindrical molybdenum grid and 
plate. The tube was thoroughly exhausted, a small amount of caesium introduced, the 
tube sealed off from the pump, and the plate bombarded by caesium positive ions 
at 600 volts for five hours. The tube was then immersed in liquid air and the plate heated 
by induction until the plate current showed no change with continued heating. Measure- 
ments of plate current were made, as a function of grid and plate voltage, from zero to 
2000 volts. The fraction of the primary electrons which reached the plate was deter- 
mined by removing the tube from liquid air, reversing the potentials, and measuring the 
Positive ion currents from the filament to grid and plate. The number of secondary 
electrons per primary electron was thus calculated and found to increase from 0.45 at 
20 volts to a maximum of 1.23 at 900 volts, decreasing to 1.04 at 2000 volts. These 
values were reproducible within 2% at different times and in different tubes. 


33. Secondary electron emission produced by positive caesium ions. J. M. Hyatt, 
Research Laboratory of the General Electric Company and Union College.—The source 
of the positive ions, a short tungsten filament maintained at about 1200°K in the 
presence of caesium vapor, was mounted on the axis of a long cylindrical molybdenum 
grid and plate. A potential of —600 volts was applied to the grid and potentials from 
+50 to —650 were applied to the plate. While the plate was between +50 and 0 only 
secondary electrons from the caesium covered grid reached it. When the plate potential 
was made negative it caught positive ions in addition to the secondary electrons. The 
plate current became constant at —50 volts and remained so until the plate potential 
reached that of the grid. At this point the plate current suddenly increased 4% due to 
the emission of secondary electrons from the plate. Further increase of the positive 
ion velocities was accompanied by a uniform increase of the secondary electron emission. 
Similar observations were made with the grid maintained at six lower potentials. 
Determinations made of the secondary electron emission from both grid and plate were 
in agreement and showed that the number of secondary electrons per positive ion striking 
the caesium covered surfaces increased uniformly from .02 at 200 volts to .11 at 600 volts. 


34. The effect of an electric field on a radiating hydrogen atom. K. L. HERTEL, 
University of Chicago. (Introduced by A. J. Dempster.)—In a previous paper experi- 
ments were described in which hydrogen canal rays were allowed to pass into a very 
high vacuum, so that the natural decay of radiation could be observed and the changes 
in polarization produced by a transverse electric field during the radiation process. The 
experiments have been continued under improved conditions with various fields, and 
various velocities of the fays. In all cases the original polarization is suddenly reversed 
as soon as the field is applied so that the electrical component parallel to the field becomes 
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stronger. This change in polarization must take place in less than 2 10~* seconds. In 
the uniform field the polarization of the radiation decreases gradually to zero or even 
reverses slightly. Measurements were made with three different velocities of the rays 
and showed that the time required for this gradual return of the polarization is about 
4X10-* seconds. Photographs were also made of the rays on emerging from the con- 
denser. Here again there was an increase in the polarization of the light emitted the 
component parallel to the field again becoming stronger. This took place in the stray 
field at the end of the condenser and occurred farther out with strong fields than with 
weak. 


35. Dependence of the free path of potassium ions in various gases on their velocity 
F. M. Dursin, University of Chicago. (Introduced by A. J. Dempster.)—Potassium 
ions from a hot anode were accelerated through potential differences varying from 9 to 
350 volts between an anode and a slit. The beam passing through the slit was bent into a 
semicircular path by a magnetic field so as to fall on a second slit. The number passing 
through this distance of 11 cm without neutralization or scattering out of the beam was 
observed by an electrometer with different gas pressures in the chamber. Keeping the 
current to the first slit constant, the intensity of the rays decreased exponentially as the 
pressure was increased. The mean free path may be deduced and a comparison with 
the kinetic theory free path gives the number of collisions made by the ions before being 
lost from the beam. In helium this number varied from 10 at 250 volts to 2.34 at 8.5 
volts. Air, hydrogen, nitrogen, helium, oxygen and argon were studied, and in all cases 
the curves giving the dependance of the free path on the velocity showed an approach 
to a constant high value of the free path at the higher velocities, and a more or less rapid 
decrease to a value approximating the kinetic theory value at the lowest speeds. 


36. Electrical properties and nature of active nitrogen. Puitip A. CONSTANTINIDES, 
University of Chicago. (Introduced by A. J. Dempster.)—Glowing active nitrogen was 
drawn in succession through two sets of electrodes each consisting of two concentric 
cylinders. The ionization current in the second electrode remained constant despite the 
variation from 0 to 250 volts cm in the field of the first electrode. This indicates that the 
ionization is produced by changes taking place after the passage of active nitrogen 
through the first electrode. Using electrodes of various areas, the negative charges were 
found to be proportional to the areas of the negative electrodes, which shows that the 
conductivity is due to photo-electrons emitted from the electrodes. The effect of various 
gases on the duration of afterglow has been examined, the most important result being 
that it is not affected by helium even when the helium is made ten times the density of 
the nitrogen. It was found that hydrogen and mercury molecules are not ionized by 
collisions with active nitrogen molecules, while indications are that iodine molecules 
are ionized. This suggests that the phenomena associated with active nitrogen may 
be due to a metastable state of the nitrogen molecule with energy between 9.4 and 10.4 
volts. 


37. On the nature of gaseous ions. Henry A. Erikson, University of Minnesota.— 
When ionizing rays are passed through oxygen, nitrogen, hydrogen, carbon dioxide and 
argon, a positive ion and a negative ion are formed. These have all initially the same 
mobility in air. The value of this mobility in moderately dry air is 1.87 cm/sec per 
volt/cm. In a fraction of a second the initial positive ion changes into a final ion which 
has a mobility of 1.36. The negatives undergo no change. No greater mobility in air 
than 1.87 is observed. The value 1.87 is the mobility of the simplest singly charged 
body present. 

The lack of dissociation, the known nature of the ionizing process, the results in the 
case of argon, the possible separation of the two groups of ions and the like mobility of 
the initial ions as well as the final ions, leads to the following conclusion that an electron 
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escapes from the molecule due to the action of the ionizing agent. The initial positive ion 
is thus formed. The electron set free soon attaches itself to a neutral molecule thus form- 
ing the negative ion. These are the two 1.87 bodies. The positive 1.87 body soon shares 
an electron with a neutral molecule thus forming the 1.36 two molecule body. The value 
1.87 is thus a characteristic of a one-molecule ion and 1.36 a characteristic of a two- 
molecule ion. 


38. The activity of monovalent ions. HANs MUELLER, Mass. Institute of Technology. 
—Debye’s theory of strong electrolytes breaks down when applied to small ions because 
the approximation sinh ¢=¢ (¢=e//KT) is no longer justified. In this paper the 
differential equation A¢=sinh ¢ is solved by extending analytically by an integration 
by steps Debye’s solution ¢=K e*/r, correct for small values of ¢. The activity- 
coefficients f are easily calculated with the following relation: —kT log f is the difference 
in the work to charge one ion in pure water and to charge it in an electrolyte with the 
concentration c in which all other ions already have their full charge. For small ions 
this calculation gives f(c) curves which are below Debye’s limiting curve for a=0. The 
curves almost coincide with those calculated by Bjerrum (Danske Videnskabernes 
Selskab. 8, 9, (1926)) assuming associated ions. 

Concentration (mole/liter) —log f(a=10* cm) Bjerrum’s values 
0.456 0.463 
0.360 0.366 
0.252 0.255 
, 0.189 0.188 
.05 0.136 0.133 
0.02 0.084 0.085 


Hence Debye’s theory fits the experimental results also for small ions without 
assuming partial association. 


39. Piezoelectricity of crystal quartz. L. H. Dawson, Naval Research Laboratory, 
Washington, D. C. (Introduced by E. O. Hulbert.)—Measurements with a quadrant 
electrometer of the piezoelectric charge in optically perfect crystal quartz have shown 
that the different specimens of quartz may produce charges of different magnitude. 
The piezoelectric charge appeared to be an integral effect over the surface since an 
exploration of the surface by an approximation to a point contact showed that charges 
varying in magnitude and sign may be produced on adjacent portions of the surface. 
The piezoelectric charge increased as the temperature was raised from room temperature 
to 60°C and decreased thereafter to 576°C where it disappears. The cooling curves 
show a lag. A relation between the pyro- and piezoelectric effects is pointed out. The 
facts established appear to be in accord with the theories of the imperfections of crystals 
and to agree with the views of Bragg and Gibbs in regard to the mechanism of the 
production of pyro- and piezoelectricity. The piezoelectric charges on surfaces variously 
oriented with respect to the optic axis showed a characteristic distribution hitherto 
unsuspected and: not explainable by simple theory. This characteristic distribution 
lead to an accurate method for determining the direction of the electric axes of quartz. 


40. An electronic theory of passivity. Wi_L1am D. LAnsING, University of Illinois. 
(Introduced by J. Kunz.)—Iron occupies a unique position in the middle of the first 
long period of the periodic table. Under normal conditions the electrons are probably 
distributed among the energy levels as 2,8,14,2. Under strong oxidizing conditions 
this may become 2,8,8,8, a structure analgous to krypton, and thus become passive, 
and non-magnetic as well. A method was developed for producing thin films of iron 
by cathode sputtering. These films were found to be passive. The work of Ingersoll 
and DeVinney on nickel would lead us to believe that these films were non-magnetic 
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also, but our magnetic measurements are not yet complete. The electrode potential 
of ordinary iron in 0.5 molal FeSO, was found to be +0.365 volts with respect to the 
hydrogen electrode, while passive iron in the same solution had an electrode potential 
of —0.508 volts. Thermodynamically, passive iron is the more stable, with a free energy 
change of 35700 cal. The electrode potential of sputtered iron in this solution ranged 
from 0.035 v. to —0.065 v., becoming more noble with time. This is explained by the 
supposition that the film is still too thick to be passive and non-magnetic all the way 
through. 


41. A new electrophoretic mobility formula. MrLvin Mooney, National Research 
Fellow, University of Chicago.—According to current theories of electrophoresis, the 
mobility of a particle should be independent of its size. However, the author has shown 
experimentally that with oil drops immersed in water there is a definite variation in 
mobility with the diameter of the drop. Therefore a new mobility formula has been 
developed, applicable to a rigid sphere in water containing a di-ionic electrolyte. The 
new theory takes into account the effect of ionic diffusion, and also the motion of the 
water, on the charge distribution in the electric double layer. The mobility formula 
is obtained in the form of an asymptotic power series, of which only the first two terms 
have been calculated. However, these are sufficient to give a theoretical value for the 
slope when mobility is plotted against 1/D, D being the diameter of the sphere. This 
formula has been tested with experimental results obtained with oil drops in solutions of 
various electrolytes at concentrations of 10! to 10° normality. At .01 normal or higher 
concentrations the theory definitely fails. At lower concentrations there is rough 
agreement between theory and experiment. More precise mobility measurements are 
necessary for a more decisive test of the theory at low concentrations. 


42. A determination of the dielectric constant of air by a discharge method. A. P. 
CarMAN and K. H. Hussarp, University of Illinois —Two air condenser systems, one 
containing the test condenser and the other the balancing condenser, are charged to 
equal opposite potentials and the opposite charges are mixed and discharged through a 
galvanometer. The two condenser systems are adjusted until the galvanometer deflec- 
tion is zero. A special form of rotating commutator was devised for which the contact 
resistances are small and uniform. This commutator has three pairs of make and break 
contacts, two for charging and discharging the two condensers, and one pair connected 
so that a single battery is used to charge both condensers. The capacity of the test 
condenser is obtained in terms of readings on a condenser which forms part of the 
balancing condenser system. The ratio of the capacities of the test condenser with a 
vacuum and with air for dielectric is then obtained. The calibration for the readings 
is made with the apparatus in place, by simple changes of connections. Possible errors 
from time lag, thermal expansions and deformations from pressure changes are discussed. 
The average of twelve separate measurements gives 1.000594 for the dielectric constant 
of air at 0°C and 760 mm Hg. pressure. The twelve separate readings agree in the fifth 
decimal place. 


43. Shielded oscillator for Hertzian waves. J. TykKocINsKI-TYKOCINER, University 
of Illinois —A thermionic tube is mounted at each end inside a brass cylinder in contact 
with the cold electrode. The grids of the tubes are connected by means of an insulated 
rod placed concentrically in the cylinder. The electromagnetic field of the oscillator is 
confined to the space inside the cylinder, where a standing wave is produced along its 
axis with a potential node in a plane dividing the length of the cylinder in two equal 
parts. The variation of frequency is produced by condensers mounted inside the cylinder. 
The cylinder is closed at each end by means of rotating shielding caps which serve as 
dials for the tuning mechanism. Measurements on antennae or Lecher wires were made 
undisturbed by the stray field of the oscillator, by connecting them with two points of 
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the rod, reached through holes made in the cylinder on both sides of the nodal plane. 
Standard 5 and 50 watt oscillating tubes were used. With an oscillator having a cylinder 
100 cm long and 7.3 cm in diameter a frequency of 60X10* to 65X10 was produced. 
A shorter cylinder 66 cm long and 4.8 cm in diameter gave a frequency of 85 X10*. 


44. A principle governing the distribution of current in systems of linear conductors. 
FRANK WENNER, Bureau of Standards.—Reference is made to practically all the laws, 
theorems, principles and procedures generally considered to pertain to the distribution 
of direct current in systems of linear conductors. Consideration is then given to a 
principle which has been used but little and seems to be practically unknown. This 
principle is applicable to systems of linear conductors in which the currents are propor- 
tional to the impressed electromotive forces and may be stated as follows: The current 
in any branch is that which would result if all impressed electromotive forces were 
replaced by a single impressed electromotive force located in the particular branch and 
equal to the drop in potential which originally would have appeared across a break 
had the branch been opened. A proof of this principle is given and some of the ad- 
vantages to be gained by its use are illustrated by the solution of a graded series of 
problems. In some of these the currents are direct and constant, in others the currents 
are alternating, and in one the currents are transient. 


45. A new electrophoresis cell. Mertvin Mooney, National Research Fellow, 
University of Chicago.—Endosmotic streaming along the walls of an electrophoresis 
cell is compensated by reverse streaming along the axis. To eliminate the resulting 
velocity gradient in the water, a new cell was designed consisting essentially of a complete 
loop or hydrodynamic circuit. The lower half of the loop is a long 0.7 mm capillary tube, 
with thin walls to permit microscopic observation of the colloidal particles within. The 
upper half, filled with distilled water, is a short 12 mm tube and therefore has a very 
small hydrodynamic resistance. Consequently the water moves through the capillary 
with uniform velocity over its cross-section, the compensating reverse flow taking place 
through the large tube. The advantages are: (1) the correction applied to the observed 
velocity of a colloidal particle to obtain its velocity with respect to the water is no 
longer subject to errors in locating the particle in the tube: (2) the endosmotic velocity 
of the water is generally opposite and approximately equal to the electrophoretic 
velocity. Consequently the arrangement is suitable for precise measurement of differ- 
ences in mobility of different particles or of the same particle under different fields. 


46. The magnetic susceptibility of rare earth metals. E. H. WitttAMs, University 
of Illinois—The magnetic susceptibilities of four rare earth metals, namely, cerium, 
lanthanum, praseodymium and yttrium, have been determined. In each case the value 
of the susceptibility depends on the intensity of the magnetic field, decreasing as the 
field is increased from 10 gauss to 4000 gauss. In this respect the magnetic susceptibility 
of the rare earth metals resembles very much the behavior of the permeability of iron. 
Owing to the low value of the susceptibilities, 20 10-* to 50 10-* dyne cm per gram, 
for the fields used, it is impossible with the methods available to fill in the gap for fields 
between 10 gauss and zero. This gap constitutes the most interesting part of the curve. 


47. The magnetic moment of atomic hydrogen. T. E. Puiprs and JoHn B. TAYLor, 
University of Illinois. (Introduced by W. H. Rodebush.)—The magnetic moment of 
atomic hydrogen has been investigated by the atomic ray method introduced by Stern 
and Gerlach. Atomic hydrogen formed in a discharge tube by the method of R. W. Wood 
was first used. The ray was formed in a special all-glass slit system of three slits sealed to 
the discharge tube. The ray was detected by the reduction resulting on contact with a 
target coated with molybdenum trioxide. A sharply defined blue line against a white 
background was the result. In the magnetic field the ray was separated into two branch- 
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ing rays. There was also evidence of a central undeviated ray, which is believed to be 
due to molecular rather than atomic hydrogen. From a measurement of the deflection, 
the magnetic moment of the hydrogen atom was calculated to be one Bohr magneton, 
within the limits of experimental error. In addition, atomic hydrogen formed by the 
hot filament method of Langmuir was used. The increased velocity of the atoms in this 
case allowed less separation of the ray, but a deflection was distinctly recorded. Finally, 
the product formed on exposing a mixture of mercury vapor and hydrogen to ultra-violet 
light was investigated. This is believed by Cario and Franck, Taylor and others to be 
atomic hydrogen. Thus far attempts to form a ray which will reduce the target have 
been unsuccessful. The reasons for this are being investigated. 


48. A preliminary report on the study of the emission spectra and surface tension 
alterations in experimental animal tumors. Dona.p C. A. Butts, THomas E. Hurr, 
and FREDERICK PALMER, Jr., Hahnemann Medical College, Philadelphia, Pa.—lIn 
view of the fact that analytical chemical methods of comparing normal and pathologic 
tissue have offered little vital information as to the obscure alterations in pathologic 
cell change, and to further substantiate findings of one of the writers, the authors have 
studied the physical, chemical, and physical-chemical nature of experimental animal 
tumors, with interesting results. Although the results do not as yet warrant a conclusive 
report, several findings are of physical interest, and promise to materially advance our 
knowledge of cancer causation and to open up a promising field for a scientific method of 
attack. 


49. Fluorescence and chemiluminescence of cod-liver oil. Jay W. Wooprow 
and G. M. Wissinxk, Iowa State College.—It has been shown that cod-liver oil will 
produce a developable image on a photographic emulsion and that this effect is much 
more pronounced if the oil has been previously exposed to ultra-violet light. At first 
this effect was thought to be due to an ultra-violet radiation but it was later explained 
as a direct chemical action analogous to the Russell Effect. We have found it possible 
to obtain a chemiluminescence of cod-liver oil by the oxidation of the heated vapor. 
The luminescence is of a bluish-green color but it is so faint that we have been unable 
as yet to obtain its spectrum. Kautsky and Neitzke have recently shown that the fluo- 
rescent and chemiluminescent spectra of all the substances they investigated have 
intensity maxima at the same wave-length. We have photographed the fluorescent 
spectrum of cod-liver oil illuminated by the light from a quartz mercury-vapor arc 
and find that it has a maximum intensity at a wave-length of about 5000A. The color 
of the fluorescent light as observed by the eye appears to be the same as that produced 
by chemiluminescence. 


50. New measurements upon the light-sensitiveness of crystalline selenium. 
A. M. MacManon, University of Chicago.—A study is being made of the electrical 
conductivity of the element selenium, in crystalline form, with the purpose of expressing 
the light-sensitive property quantitatively in terms of reliable standards. As a prelimin- 
ary report a three-parameter family of curves, showing the change in the electric current 
through a single, well-tested specimen as a function of the time, when the intensity and 
wave-length of the incident light and the applied potential difference are separately 
varied, is presented. These experimental results, relating the current, i, with the time 
of illumination, ¢, may all be fitted with surprising accuracy by a mathematical expres- 
sion of the form, 

t—ip = A(1—e™) + B(1—e™) 

(Cf. Brown, Phys. Rev. 33, 1, (1911).) The numerical values of the constants A, a, B 
and } are deduced and plotted as functions of the parameters named above. The exten- 
sion of these data should be fruitful in the development of a more adequate theory than 
exists at the present time for these phenomena. 
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51. The effect of a variation from the condition for achromatism in lenses. T. 
TOWNSEND SMITH, University of Nebraska.—It is well known that two thin lenses in 
contact will form an achromatic pair, if the focal lengths of the two are in the ratio of 
the dispersive power of the glasses. The focal length of such a combination is a minimum 
for some wave-length (\;), which depends upon the ratio of the focal lengths and which 
is near 550my, if the dispersive power be specified in terms of lines C and F. There 
seem to be no criteria available for judging of the goodness of the color correction in its 
dependence upon );. The present work is an attempt to get some information upon this 
question. With the aid of Hartmann’s dispersion formula and on the assumption of a 
dense flint (Schott 0-103) diverging and a silicate crown (Schott 0-60) converging lens, 
the resultant brightness on the axis has been calculated for various values of the focal 
lengths and for various apertures, and from these values, graphically represented, an 
estimate may be made as to the goodness of the color correction in so far as it depends 
upon these variables. 


52. On the theory of heats of fusion. N. RAsHEvsky, Westinghouse Research 
Laboratory, East Pittsburgh.—Plotting the potential energy ¢ of an aggregation of 
atoms against the atomic distance 5, we obtain a curve, having a minimum at 5=4o, 
(80 =space-lattic econstant at absolute zero) and tending assymptotically to zero for 
é= 0, At these two points we haye d¢/d3=0. Between these points there is a point 4, 
where d*¢/d5*=0. As long as 5<4,, the deformation of the body causes a force to appear, 
which tends to restore the initial state, and which increases with increasing deformation. 
For 5>4, the restoring force diminishes with increasing deformation. Hence there can 
be no question even about an approximate behaviour of the body as of an elastic one. 
This leads to the assumption, that when due to thermal agitation, the space-lattice 
constant reaches the value 4,, the body becomes liquid. The amount of work, necessary 
to increase 6 from do to 4; is thus interpreted as the total heat of fusion. Using for ¢ the 
expression ¢=A/é5'—B/é", and calculating A, B, and m from the compressibility and 
the thermoelastic constants according to Gruneisen, we may calculate with our assump- 
tion the heats of fusion. The values thus calculated for seven metals are in pretty good 
agreement with the experimental ones. 


53. Theory of the specific heat of methane. JAkos Kunz, University of Illinois.— 
D. M. Dennison has recently given an analysis of the oscillations of methane based on 
the infra-red absorption bands. The results of this analysis and the quantum theory of 
radiation are used for the theoretical determination of the specific heat of methane. 
It is found in general that the theoretical values are a little higher than the experimental 
values (as function of the temperature). 


54. Optimum conditions for music in rooms. F. R. Watson, University of Illinois.— 
Musicians prefer rooms for playing that are reverberant, while listeners are better pleased 
with deadened rooms. A series of experiments was conducted to adjust these apparently 
contradictory conditions. After investigating a number of rooms of widely different 
volumes that varied in reverberant qualities, a final experiment gave the solution. 
A room adjusted for “perfect” conditions was found unsatisfactory for both playing 
and listening, but on transferring the absorbing material from the end of the room 
occupied by the players to the end used for listening, the conditions were regarded as very 
acceptable both for playing and listening. This experiment indicates the desirable 
conditions for concert halls, studios, broad-casting rooms, etc., and suggests suitable 
arrangements for various acoustic experiments. 


55. The theory of the Herschel-Quincke tube. G. W. Stewart, University of 
Iowa.—The well-known explanation of the Herschel-Quincke interference tube is that 
there is elimination of the transmitted wave when the difference in path in the two 
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branches is an odd number of half wave-lengths. (This is a sound conducting tube 
branching into two parts of different lengths and reuniting, having a constant total 
area of cross-section at these two junctions.) This theory is incomplete. The ratio of 
the transmitted to the incident acoustic energy is 

16 sin?(a2.+a;3)/2 Xcos*(a2—a3)/2 X { [1—2 cos(a2:+ea3) +cos(a:—as) +4 sin*(e:+a3) } = 
where a: and a; are the phase changes over the two branches of the tube. This ratio 
is zero not only when a;—a;=(2n+1) as stated above, but also when a;+a;=2mr, 
provided (a2:—a3)#2nyr, m and m2; being independent integers. The result is a great 
increase in number of interference frequencies. This theory is verified by experiment. 


56. A new instrument for measuring surface tension. F. E. PoinDEXTER, University 
of Florida.—The downward pull on the stem of a hydrometer due to the surface tension 
of the liquid is used to measure this tension. The liquid wets both the inside and outside 
of the hydrometer stem, the sensitivity of the instrument depending, therefore, upon the 
wall thickness of the projecting stem and the density of the liquid, i.e. T=}pS(r2—1r,)g, 
where T =surface tension, p=density of the liquid, S=the length of the portion of the 
stem submerged by the pull of the surface tension, 7; and rz are the inside and outside 
radii of the stem respectively, and g=acceleration of gravity. The (r2—1;) of the one 
used was .040 cm and S=3.57 cm, giving the surface tension of water to be 69.97 dynes 
per cm at 27.5°C in good agreement with the value of 69.50 found by Ramsey and 
Shields by the capillary tube method. 


57. Thermo-electric effect in single crystal zinc. Ernest G. Linper, University 
of Iowa. (Introduced by E. P. T. Tyndall.)—Data are presented on the thermal e. m. f. 
against copper of six single crystal wires of zinc, of which the orientations of the main 
crystallographic axis with respect to the wire axis, range from 11.4° to 90°. The temper- 
ature interval is from —182° to 475°C. From the data are calculated the thermo- 
electric power, Peltier coefficient, and difference of the Thomson coefficients for Zn. 
against Znj. The data also provide a test for the Voigt-Thomson law for the variation 
of the thermo-electric power with crystal orientation. The law is verified for the low 
temperatures, but the deviations at the high temperatures (300°-400°) are greater 
than the experimental errors are thought to be. The thermo-electric powers of liquid 
Zn against solid single crystal Zn of different orientations, and against polycrystalline Zn 
_ are given the value —7.89y.v./deg. for e:—e, for Znpo1, having been found. A theoretical 
expression is derived for the thermo-electric power of polycrystalline zinc in terms of 
the principal thermo-electric powers of the component crystals. 
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